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ABSTRACT 
 
Water is considered as a neutron reflector in nuclear criticality safety evaluations because it is readily 
available and easily forms a close-fitting shape around fissile material.  Concrete is commonly 
encountered industrial environments and can be a more effective reflector than water.  Nuclear criticality 
safety literature reporting experimental and analytical studies involving concrete as a reflector from the 
1950’s to the present was reviewed.  Nuclear criticality safety community perspective on concrete 
reflection has evolved from acknowledgement that concrete is a reflector through recognition that 
concrete can be a more effective reflector than water to current interest in identifying which constituents 
are most important.  Concrete reflection work that has been done tends to be limited in several ways.  
Studies usually consider only a few concrete compositions from a relatively large number available.  
Studies have also tended to consider a limited number of fissile material moderation ranges, typically 
unmoderated and the moderation for minimum mass or volume criticality, or only very specific material 
arrangements.  Most analytical studies evaluate systems as infinite extent slab arrangements. 
 
To address these limitations and evolving current interest, a comprehensive study using 32 concrete 
compositions derived from the literature survey was done for the three basic one-dimensional geometries 
used in radiation transport codes: spherical, infinite length cylindrical, and infinite extent slab geometries 
using a 235U [uranium-235] metal/water fissile mixture.  The concentration/moderation range over which 
criticality is possible was spanned, and the change in keff [k-effective] per unit change in element atomic 
number density values, Δ Δ⁄ , [delta k-effective/delta N] for various concrete composition elements 
was computed to determine the relative effect of each element on neutron multiplication. 
 
These results will be useful to nuclear criticality safety practitioners in several ways.  Some control can be 
exercised over concrete constituents and the results can be used to guide material selections during project 
design to minimize positive contributions to keff.  For existing installations, if the concrete composition is 
known, the results will permit some ranking of its effectiveness relative to water.  For technical studies, 
conservative conditions that maximize keff are generally preferred and the results will help guide 
constituent selections. 
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PREFACE 
 
During a career as a nuclear criticality safety engineer, several observations involving thick concrete as a 
reflector for fissile units were made that stimulated interest in the subject of this dissertation. 
 
The first observation was during a compliance assessment of a facility for examination of irradiated 
materials; i.e., a ‘hot cell’ facility with thick concrete shielding.  The facility had storage for fissile 
materials in cylindrical wells in the floor so the fissile loading in each well was subject to thick concrete 
reflection.  The fissile mass permitted in each well was limited based on single parameter subcritical limit 
information shown in national standards.  Examination of the standard showed nuclear criticality safety 
limits were based on reflection by water and were subject to a requirement that, “A limit shall be applied 
only when the surrounding materials, including other nearby fissionable material, can be shown to 
increase the effective multiplication factor (keff) no more than it would be increased if the unit were 
enclosed by a contiguous layer of water of unlimited thickness.”  Although it is generally recognized that 
concrete can a more effective reflector than water, it was determined that no evaluation had been done to 
demonstrate compliance with the requirement. 
 
Another observation involved evaluation of the design of a facility liquid management system for highly 
enriched uranium solution.  Spills of fissile solution are an undesirable abnormal condition and are 
frequently evaluated to determine the limitations necessary to maintain nuclear subcriticality.  The 
approach usually taken is to limit the depth attainable by permitting the spilled solution to spread into a 
slab-like configuration.  To accommodate the depth limits needed, the facility under design had 
provisions for an under-floor drain arrangement to permit spilled solution transport to adjacent process 
areas that were separated by robust concrete walls.  The initial concern was determination of the 
acceptable limits for the drains themselves, essentially relatively short length cylinders (pipes) reflected 
by thick concrete.  Because the density and composition of the concrete to be used in the facility being 
designed were unknown, computations to determine the subcritical cylinder diameter involved 
consideration of ten different concrete formulations and exhibited a spread of about 0.13 in the keff results 
depending upon the concrete composition.  It was also observed that one concrete composition was more 
effective as a reflector around the cylindrical under-floor drains and a different concrete composition was 
more effective as a reflector of the large solution slabs on the floor. 
 
The observations described stimulated a literature survey to trace nuclear criticality safety community 
evolution of sentiment about concrete as a reflector.  Nuclear criticality safety practice is a small, 
specialized activity, and the literature survey involved searches of documents unique to nuclear criticality 
safety practice.  These materials span the time frame from 1956 to 2015, and included reports authored by 
staff at various national laboratories and production facilities, various transactions, proceedings, and 
journals published by the American Nuclear Society, and the International Conferences on Nuclear 
Criticality Safety.  The search was limited to concrete used as a thick reflector around single units or 
arrays of units; there are computational/analytical activities and experiments involving concrete as a 
moderator or isolator that are not included in the survey.  Similarly, reports of concrete with intentionally 
added neutron absorbers such as boron are not included.  
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1.0 INTRODUCTION 
 
Nuclear criticality safety practice requires consideration of the presence of a reflector around fissile 
systems.  A reflector improves neutron economy by returning neutrons that leak from the fissionable 
regions of a system and would otherwise be lost.  In nuclear criticality safety evaluations of fissile 
material operations, water is considered as the typical neutron reflector as it is readily available and easily 
forms a close-fitting shape around fissionable material.  However, concrete is commonly encountered in 
industrial environments and, under some conditions, can be a more effective reflector than water.  For this 
work, an extensive literature survey was done to find the compositions of concrete used in nuclear 
criticality experiments and analytical safety studies.  The compositions were then used to study the 
characteristics of concrete that affect the neutron multiplication factor (keff) when it replaces water as a 
thick reflector for the basic one dimensional geometries (infinite extent slab, infinite length cylinder, and 
sphere).  The fissile material used is a 235U metal/water mixture at various concentrations to span the 
concentration/moderation range over which criticality is possible. 
 
Characteristics of Aqueous Fissile Material Systems 
 
Two fissile material/moderator material models are frequently used in nuclear criticality safety practice: 
uranium metal/water mixtures and uranium solutions.  See, for example, the presentations of basic critical 
and subcritical mass limit nuclear criticality safety information such as shown in Ref. 1, Ref. 2, and Ref. 
3.  Metal/water mixtures can be envisioned as ideal homogeneous mixtures of infinitesimally small metal 
particles suspended in water.  Metal/water mixtures do not actually exist but they are useful material 
models to computationally produce information that is bounding for many situations.  Solutions are 
usually non-ideal combinations of a soluble salt such as uranyl fluoride (UO2F2) dissolved in water. 
 
A fissile material/moderator material model can be characterized by two parameters: fissile material 
density and hydrogen to fissile material atomic ratio.  Considering the fissile material to be 235U, fissile 
material density would be 235U density expressed as mass per unit volume and hydrogen to fissile material 
atomic ratio would be H/235U, a dimensionless ratio.  The relationship between 235U density and H/235U 
ratio is unique and can be determined either computationally for ideal mixtures or by experimental 
measurement for non-ideal combinations. 
 
Fig. 1. shows the relationship of 235U density as a function of H/235U atomic ratio for 235U metal/water 
mixtures and 235UO2F2 solutions.  Note is made of several items. 
• At zero H/235U, each fissile material exhibits its maximum density.  Note that most fissile material 
salts form hydrates so there is an H/235U range between zero and the H/235U corresponding to the 
solubility limit for the salt in which the system would have some poorly characterized form as a 
super-saturated solution or mixture of solid salt and saturated solution.  The 235UO2F2 solution 
relationship shown in Fig. 1 ends at the solubility limit. 
• As water is added, 235U density is decreased and H/235U is increased. 
• The metal/water system and solution system 235U density and H/235U tend to correspond for 
H/235U greater than about 50. 
 
The intrinsic neutron multiplication of a fissile material/moderator system is measured by k-infinity (k∞), 
the neutron multiplication factor for a system of infinite extent from which there is no neutron leakage.
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Fig. 1. H/235U Atomic Ratio as a Function of 235U Concentration for Metal/Water and Solution Systems 
 3 
 
The k∞ of 235U metal/water and 235UO2F2 solution systems is shown in Fig. 2 as a function of uranium 
concentration and in Fig. 3 as a function of H/235U ratio.  It is noted that k∞ depends on the atomic ratios 
of the components and not on their actual densities but is shown as a function of uranium concentration in 
Fig. 3 to make comparisons with finite systems over the range of uranium concentrations indicated. 
 
Spherical geometry is considered to determine minimum values for critical masses and subcritical limits 
because, for a given volume, it has the smallest surface area to volume ratio of any geometrical shape; a 
condition that maximizes neutron utilization by minimizing neutron leakage. 
 
The characteristic shape of the critical volume curves for homogeneous 235U metal/water and solution 
systems is shown in Fig. 4. as a function of uranium concentration and in Fig. 5. as a function of H/235U 
atomic ratio.  The point at the right extreme of the metal/water curve in Fig. 4. at about 19 kg 235U/L 
corresponds to the critical volume of pure, undiluted 235U metal and to a “zero” H/235U point at the left 
extreme of the Fig. 5. curve (“zero” cannot be shown on a logarithmic graph).  The point at the left 
extremes of the curves in Fig. 4. corresponds to an asymptote at about 0.012 g 235U/cm3 when the k∞ of 
the mixture and the solution becomes 1.0 and the volume becomes infinite.  It also corresponds to the 
right extremes of the curves in Fig. 5. where the H/235U ratio is about 2200.  For 235U metal, minimum 
volume occurs at full density which corresponds to an H/235U ratio of zero.  For solution, minimum 
volume occurs at a 235U density of about 0.50 g 235U/cm3 which corresponds to an H/235U ratio of about 
50. 
 
The characteristic shape of the critical mass curves for homogeneous metal/water and solution systems is 
shown in Fig. 6. as a function of uranium concentration and in Fig. 7. as a function of H/235U atomic ratio.  
The point at the right extreme of the metal/water curve in Fig. 6. at about 19 kg 235U/L corresponds to the 
critical mass of pure, undiluted 235U metal and to a “zero” H/U point at the left extreme of the Fig. 7. 
curve.  The point at the left extremes of the curves in Fig. 6. corresponds to an asymptote at about 12 g 
235U/L when the k∞ of the mixture and the solution becomes 1.0 and the mass becomes infinite.  It also 
corresponds to the right extremes of the curves in Fig. 7. where the H/U ratio is about 2200.  For 235U 
metal, minimum mass occurs at full density which corresponds to an H/235U ratio of zero.  For solution, 
minimum mass occurs at a 235U density of about 0.05 kg 235U/L which corresponds to an H/235U ratio of 
about 500. 
 
Concrete Background Information 
 
Concrete technology is mature and there are many sources of information about concrete that are 
available.  Ref. 4 was used as the principal concrete background information reference and was 
supplemented by Internet resources cited as Ref. 5 through Ref. 8. 
 
Concrete is a mixture of cement, coarse and fine aggregates, and water.  Cement has been around for a 
long time; it is reported that cement compounds were formed during spontaneous combustion by 
reactions between limestone and oil shale in Israel about 12 million years ago.  Within the span of human 
history, various cementitious materials were used by the ancient Egyptians, Greeks, Chinese, 
Babylonians, and Romans from about 3000 Before the Common Era (BCE) onward, and structures using 
these materials survive.  From the fall of the Roman Empire in the late 400’s Common Era (CE), the art 
of creating and using cementitious materials was substantially lost but was gradually recovered beginning 
about the middle 1600’s CE culminating with the October 21, 1824, issuance of British Patent BP 5022,  
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Fig. 2. k∞ as a Function of 235U concentration for Metal/Water and Solution Systems  
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Fig. 3. k∞ as a Function of H/235U Ratio for Metal/Water and Solution Systems  
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Fig. 4. Spherical Critical Volume as a Function of Uranium Concentration for 
235U Metal/Water and Solution Systems  
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Fig. 5. Spherical Critical Volume as a Function of H/235U Atomic Ratio for 
235U Metal/Water and Solution Systems  
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Fig. 6. Spherical Critical Mass as a Function of Uranium Concentration for 
235U Metal/Water and Solution Systems  
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Fig. 7. Spherical Critical Mass as a Function of H/235U Atomic Ratio for 
235U Metal/Water and Solution Systems
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“An Improvement in the Mode of Producing an Artificial Stone,” to Joseph Aspdin of Leeds, Yorkshire, 
England for the manufacture of Portland cement 
 
Portland cement is manufactured using limestone (calcium carbonate, CaCO3), clay (hydrous aluminum 
silicates) or shale (a mix of clay minerals and other minerals, especially quartz (silicon dioxide, SiO2) and 
calcite (CaCO3)), sand (SiO2), and iron ore (a mixture of iron oxides).  The ingredients are ground, mixed, 
and fed into a rotary kiln.  In the kiln, the mixture is dried, calcined at about 1400 to 1600 C (about 2550 
to 2900 F), sintered to form nodules called “clinker,” and cooled.  From the chemical reactions that occur 
in the kiln, clinker is composed of four principal compounds: (1) usually 45 to 60 wt % tricalcium 
silicate; (2) usually 15 to 30 wt % dicalcium silicate; (3) usually 6 to 12 wt % tricalcium aluminate; and 
(4) usually 6 to 8 wt % tetracalcium aluminoferrite.  Formulas of the principal chemical compounds found 
in clinker are shown in Table I.  Clinker is ground to a fine powder and nominally 5 wt % gypsum 
(calcium sulfate dihydrate, CaSO4·2H2O) is added to complete the cement mixture.  Cement is the most 
expensive component of concrete so it is desirable to minimize the amount of cement used by adding 
aggregate. 
 
Table I 
Principal Chemical Components of Cement 
Name Formula 
tricalcium silicate 3CaO·SiO2 
dicalcium silicate 2CaO·SiO2 
tricalcium aluminate 3CaO·Al2O3 
tetracalcium aluminoferrite 4CaO·Al2O3·Fe2O3 
 
 
Aggregates are chemically inert solids of various sizes and shapes that are held together by cement.  Fine 
aggregate is generally natural sand or crushed stone with most particles passing through a 3/8 in. 
(0.95 cm) sieve.  Coarse aggregate particles are greater than 0.19 in. (0.48 cm) and generally range 
between 3/8 in. (0.95 cm) and 1.5 in. (3.81 cm) diameter.  About 60 to 80 volume % of concrete is 
aggregate so it tends to determine concrete properties such as density and resistance to abrasion.  The key 
characteristics of aggregates seem to be chemical inertness and cleanliness (free of organic matter or other 
materials that would affect chemical inertness) to avoid interference with reactions vital to cement setting 
and curing, the concrete properties desired, and cost.  Cost considerations tend to make aggregates 
whatever is locally available that satisfies the other key characteristics. 
 
The components of cement are inorganic salts that form hydrates when combined with water under the 
proper conditions.  Hydrates contain water molecules combined in a definite ratio as an integral part of 
the salt crystal, and hydration is the basic chemical reaction that occurs when water is mixed with cement.  
The setting and curing of cement is a sequence of somewhat involved interrelated reactions that occur in 
stages at different rates. 
 
Table II shows the reactions that occur.  Tricalcium aluminate reacts most quickly with addition of water 
and proceeds along several routes while producing a relatively large amount of heat.  Gypsum is used to 
slow the aluminate hydration rate and the balance between aluminates and sulfur in solution is important
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Table II 
Hydration Reactions with Chemical Components of Cement 
 
Tricalcium Aluminate + Gypsum + Water → Hydrated Calcium Aluminum Sulfate Hydroxide (Ettringite)   
3CaO•Al2O3 + 3(CaO•SO3•2H2O) + 26H2O → 6CaO•Al2O3•3SO3•32H2O   
 
Tricalcium Aluminate + Ettringite + Water → Calcium Monosulfoaluminate   
2(3CaO•Al2O3) + 6CaO•Al2O3•3SO3•32H2O + 4H2O → 3(4CaO•Al2O3•SO3•12H2O)   
 
Tricalcium Aluminate + Calcium Hydroxide + Water → Tetracalcium Aluminum Hydrate   
3CaO•Al2O3 + CaO•H2O + 12H2O → 4CaO•Al2O3•13H2O   
 
Tetracalcium Aluminoferrite + Calcium Hydroxide + Water → Calcium Aluminoferrite Hydrate   
4CaO•Al2O3•Fe2O3 + 2(CaO•H2O) + 10H2O → 6CaO•Al2O3•Fe2O3•12H2O   
 
Tricalcium Silicate   + Water → Calcium Silicate Hydrate + Calcium Hydroxide 
2(3CaO•SiO2)   + 11H2O → 3CaO•2SiO2•8H2O + 3(CaO•H2O) 
 
Dicalcium Silicate   + Water → Calcium Silicate Hydrate + Calcium Hydroxide 
2(2CaO•SiO2)   + 9H2O → 3CaO•2SiO2•8H2O + CaO•H2O 
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in determining the rate of setting.  Improper concentrations of either aluminates or sulfur can lead to 
either a quick set (unworkable in 10 to 45 minutes) or a flash set (unworkable in less than 10 minutes).  
The tetracalcium aluminoferrite component assists cement manufacture by lowering the temperature 
needed for clinkering but contributes very little to concrete strength.  It also provides the grey color of 
Portland cement. 
 
Most of the strength of concrete is attributable to hydration of tricalcium and dicalcium silicate 
components.  The products of the reaction of both silicates with water are the same: calcium silicate 
hydrate and calcium hydroxide.  Tricalcium silicate hydrates more rapidly than dicalcium silicate; thus 
affecting the final set time and contributing to early strength gain.  These hydration reactions proceed at a 
slower rate than the reactions between water and the components containing aluminum.   
 
Cement setting refers to the change from a plastic workable state to an unworkable solid state.  Setting is 
usually described by two levels: initial and final.  Measurement of the degree of setting is somewhat 
arbitrary and typically involves penetration of a specimen by a probe of specified dimensions to a 
specified depth in accordance with some testing standard.  Hydration of cement is a somewhat long term 
process and concrete curing refers to the maintenance of a satisfactory temperature and moisture 
environment that allows continued hydration and greater strength.  Twenty eight days under ideal curing 
conditions to reach 100% compressive strength is often cited as the norm. 
 
Based on concrete background information, it is reasonable to expect concrete to contain hydrogen, 
oxygen, aluminum, silicon, sulfur, calcium, and iron from the cement component.  Other elements will be 
introduced by aggregates, subject to chemical compatibility considerations, and by impurities. 
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2.0 LITERATURE SURVEY 
 
Nuclear criticality safety standards for practice require that: 
 
“Where applicable data are available, subcritical limits shall be established on bases derived from 
experiments, with adequate allowance for uncertainties in the data.  In the absence of directly 
applicable experimental measurements, the limits may be derived from calculations made by a 
method shown by comparison with experimental data to be valid . . .” (Ref. 9) 
 
Reports of experimental and computational/analytical activities, both of which influence the evolution of 
nuclear criticality safety sentiment about concrete reflection, that were found in the literature survey are 
briefly described in approximately chronological order with much emphasis on concrete composition.  
The search was limited to concrete used as a thick reflector around single units or arrays of units; there 
are computational/analytical activities and experiments involving concrete as a moderator or isolator that 
are not included.  Similarly not included are reports of concrete with intentionally added neutron 
absorbers such as boron or cadmium. 
 
1950’s 
 
In Ref. 10, a 1956 publication that was initially classified, it is acknowledged that water, concrete, 
graphite, and stainless steel are typical reflector materials and that more effective reflectors such as 
beryllium and heavy water are available but are not common in the industrial nuclear chemical processing 
industry. Limits for mass, volume, and dimensions are shown for three reflection categories: 
 
1. Minimal: nominally unreflected; i.e., reflected only by the walls of a fissionable material container 
(the wall of a pipe, for example) 
 
2. Nominal: reflected by a 1 in. thick layer of water such as water in a cooling jacket 
 
3. Thick: reflected by a water layer at least 6 in. thick 
 
The reflection category for a particular situation can change based on presence of a concrete, steel, or 
wood wall within six volume-average radii of the center of the vessel under consideration (“Six volume-
average radii” is equal to six times the radius of a sphere having the same volume as the unit in question).  
For example, such a wall would change a nominal reflection consideration to a thick reflection one.  
Beyond six volume-average radii, the reflection effects may be ignored.  The basis for these reflection 
rules is a critical experiment performed in 1955 described in Ref. 11. 
 
Conservative assumptions about water inundation caused by broken water supply pipes coupled with 
plugged drains have prompted designs for piping (and, by implication, equipment) to be based on thick 
water reflection, but a more important reason for the assumptions has been the unknown neutron 
reflection properties of nearby concrete construction, neighboring process vessels and personnel.  The 
experiment described in Ref. 11 is the earliest one found investigating the effects of concrete as a 
reflector.  The fissile material used was enriched uranyl fluoride (UO2F2) solution at a hydrogen to 235U 
atomic ratio (H/235U) of 74 contained in a 9 in. diameter aluminum cylinder.  A subsequent technical 
report of the experiment, Ref. 12, describes the fissile material as 93.2% enrichment UO2F2 solution at 
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0.3314 g 235U/cm3 (H/235U = 74.6) contained in a stainless steel cylinder.  The solution concentration is 
near that for minimum volume criticality.  The concrete is described as ‘shielding concrete’ at a density of 
2.14 g/cm3 and no composition information is shown.  Fig. 8. is extracted from Ref. 11 and shows the 
critical height in the cylinder as a function of distance from the concrete wall. 
 
 
 
Fig. 8. Critical Cylinder Height as a Function of Distance from a Concrete Reflector 
(extract from Ref. 11) 
Reference 13 reports on a brief series of experiments conducted in 1957 with “enriched 235U solution” (no 
235U enrichment is stated but it was probably about 93.2 weight %) contained in a 6 in. thick aluminum-
walled rectangular parallelepiped (a “slab” - no lateral dimensions are stated).  The parameter measured 
was the critical solution height as a function of the separation of the slab from a parallel, 5 ft thick 
concrete wall.  Fig. 9, extracted from Ref. 13, shows the results both with and without a 
60 in. × 48 in. × ¼ in. neutron absorbing sheet (“BORAL”) in various locations.  Reporting of the 235U 
concentration is vague; text implies that it was 0.0791 g 235U/cm3 (H/235U = 325 – near that for minimum 
mass criticality) but the H/235U ratio shown on the graph (Fig. 9) is 32.8 which implies about 
0.75 g 235U/cm3, an unreasonably high concentration that could be a typographical error (32.8 rather than 
325). 
 
The experiments reported in Refs. 11 through 13 clearly indicate that concrete is a neutron reflector but 
seem very limited because the uranium concentration range explored is small and minimal information on 
concrete density and composition is given. 
 
Reference 14, published in 1958, is a declassified version of Ref. 10 and there are only minor editorial 
changes in the guidance for concrete reflection.  No new experiments involving concrete are cited in 
Ref. 14. 
 
1960’s 
 
Several experimental measurements involving concrete as a reflector were done in 1960 and 1961.  Two 
were conducted at the Rocky Flats Plant near Denver, Colorado, and are reported in Refs. 15 and 16.
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Fig. 9. Critical Slab Height as a Function of Distance from a Parallel Concrete Wall 
(extract from Ref. 13) 
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Reference 15 reports on reciprocal neutron multiplication measurements of a 42 in. diameter tank 
containing 17.8 volume % borosilicate glass Raschig rings and either 360 or 236 g U/L uranyl nitrate 
(UO2(NO3)2) solution at an enrichment of “~90% U235.”  The tank wall was located about 2 in. from the 
walls of a surrounding square, thick concrete vault without a top and the uranium concentrations are near 
and slightly below the range for minimum volume criticality.  The principal purpose of the measurement 
appears to be demonstration of the efficacy of borosilicate glass Raschig rings and there is no information 
on the density, composition, or dimensions of the concrete reflector. 
 
Reference 16 reports extension of the work shown in Ref. 15 to low moderation (lower H/U or H/235U 
ratios).  The fissile material was nominally UO2(NO3)2·4H2O at an enrichment of “~90% U235.”  Neutron 
multiplication measurements were made on six rectangular parallelepiped assemblies composed of fissile 
material, Raschig rings, and Plexiglas reflected by 8 in. concrete at a density of 2.2 g/cm3.  Fig. 10, 
extracted from Ref. 16, schematically illustrates the general material arrangements.  The “TYPICAL 
BLOCK” shown in Fig. 10 is the basic unit cell and the “BLOCK ASSEMBLY” illustrates a typical 
arrangement used for reciprocal neutron multiplication measurements.  The only information provided for 
the concrete reflector is the density and thickness. 
 
One measurement was performed at the Oak Ridge Critical Experiments Facility and is reported in 
Refs. 1 and 2.  Reference 1 is the original 1964 issue and Ref. 2 is the 1987 revision of the subject body 
of information and both report the same information for measurements at the Oak Ridge Critical 
Experiments Facility done ca. 1961.  Figure 74 of Ref. 1 describes the arrangements as: 
 
“Planar arrays of 15.2-cm-dia cylinders of aqueous U(92.6)O2(NO3)2 solution with concrete and 
hydrogenous reflector-moderators.  U235 concentration: 384 g/liter; H:U235 = 59.  Solution 
containers: 1.6-mm-thick aluminum.  Water containers: 3.2-mm-thick aluminum.  The surface 
separation of the containers (in centimeters) is noted above each configuration.” (the 
‘U(92.6)O2(NO3)2’ description is occasionally seen and indicates the 235U enrichment [92.6] in 
wt % within the parentheses) 
 
Fig. 11, extracted from Ref. 1, shows the material arrangements involving concrete.  The uranium 
concentration is near that for minimum volume criticality and the experiments shown appear to be the 
first experiments involving concrete as a reflector around arrays of loosely coupled units.  The reporting 
in the Refs. 1 and 2 compilations also appears to be the only reporting made of them.  No information 
about the concrete composition or density is shown. 
 
In 1961, Ref. 17, a revision of Ref. 14, was published.  The changes involving thick concrete reflection of 
single units are principally editorial; the only new information being the definition of “six volume-
averaged radii” as equal to six times the radius of a sphere having the same volume as the unit in 
question. 
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Fig. 10. Schematic of Material Arrangements 
(extract from Ref. 16) 
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Fig. 11. Experimental Arrangements Involving Concrete 
(extract from Ref. 1) 
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A number of experiments involving concrete as a reflector were reported in the 1960’s.  In the Ref. 18 
proceedings of a 1961 symposium in Karlsruhe, Germany, there is reporting of a discussion following a 
presentation on items involving concrete reflection: 
 
Comments by J. G. Walford, United Kingdom: “We have carried out only one main type of 
experiment on the effectiveness of concrete as a neutron reflector; this made use of a 1.4% 
enriched uranium system of near-optimum moderation. We found that water gave a reflector 
saving to this system of about 3.5 cm whereas the reflector saving due to thick concrete was 
almost 5 cm. I would not like to suggest that these figures are directly applicable to any other 
system. I do believe, however, that our experiments place the various reflectors in the correct 
order of effectiveness, at least for thermal neutron systems, and the high neutron reflecting power 
of concrete should therefore be seriously considered when assessing the safety of process 
vessels.” 
 
Comments by E. R. Woodcock, United Kingdom: “The fact that concrete is a better reflector than 
water can be roughly explained in this way. The concrete contains more atoms heavier than 
hydrogen than does water. These heavier atoms will turn a neutron back to the core much more 
easily than hydrogen will, because scattering with hydrogen in a laboratory system is always 
forward. We know that, in many eases, the thermal neutrons returning to the core are more 
effective than the fast neutrons returning to the core, but in concrete it seems that the actual 
number of neutrons returned is the overwhelming factor.” 
 
In Ref. 19, four experiments are briefly described involving 2 kg plutonium metal buttons (truncated 
cones) bottom reflected by concrete.  There are few details provided and neither the composition nor the 
density of the concrete reflector is shown. 
 
The compilation in Ref. 1 and its revision, Ref. 2, report several experimental series involving concrete as 
a reflector for single units. 
 
1. French data are shown from the Saclay facility for single cylinders of plutonium nitrate 
(Pu(NO3)4) solution laterally reflected by 40 cm thick concrete.  The plutonium concentration 
ranges from 27 g Pu/L (941 H/Pu) to 47 g Pu/L (535 H/Pu) which is near that for minimum mass 
criticality.  Refs. 20 through 23 are cited in Refs. 1 and 2.  All are in French and are included here 
for completeness.  Examination of them indicates that neither the concrete composition nor 
density is reported. 
 
2. Measurements of reflector savings for 2.3 g/cm3 concrete reflection around assemblies of 
1.42 wt % 235U enrichment uranium tetrafluoride (UF4)/paraffin mixtures were made at the United 
Kingdom Atomic Energy Authority Dounreay facility in Caithness, Scotland.  The uranium 
density was 2.5 g/cm3 and the H/235U ratio was 422 which is near that for minimum mass 
criticality.  The reporting implies that the assemblies were spherical but it is suspected that they 
were approximate parallelepipeds and adjustments were made to spherical geometry.  No 
information on concrete composition is provided and the reference citations are to personal 
communications.  These experiments appear to be those mentioned by Walford in Ref. 18 as 
described above. 
 
 20 
 
3. Critical mass measurements were made at the United Kingdom Atomic Weapons Research 
Establishment – Aldermaston for 37.67 wt % 235U enrichment metal cubes reflected by 2.37 
g/cm3 concrete.  The 235U density was 6.71 g/cm3.  No information on concrete composition is 
provided and the reference citations are to personal communications. 
 
Subcritical measurements were made at the Rocky Flats Plant as reported in 1963 in Ref. 24.  Two 
arrangements were partially reflected by concrete.  One was an in-line array of five vertical 5 in. schedule 
40 stainless steel tanks on 2 ft centers.  The fissile material was Pu(NO3)4 solution 400 g Pu/L, near the 
concentration for minimum volume criticality.  The concrete reflector was somewhat incidental, being the 
floor located 2 in. from the bottom of the tanks.  The other arrangement was a 30 in. diameter stainless 
steel tank containing 350 g Pu/L Pu(NO3)4 solution and 25 volume % borosilicate glass Raschig rings.  
The reflector is described as “An ‘L shaped’ concrete wall, 8 in. thick, bounds the tank on two sides 
(Figure IV).”  Figure IV, extracted from Ref. 24, is shown in Fig. 12.  Neither the concrete density nor the 
composition is shown in the report. 
 
The first experimental open literature report with density and composition information for concrete 
appeared in Ref. 25.  Some of the experiments reported therein are described in Ref. 26 and they are also 
the basis for the evaluated criticality safety benchmarks of Ref. 27.  The chemical analysis results 
reported in Ref. 25 are the basis for the concrete composition and the interpretation of those results in the 
various references is shown in Table III.  Note that the atomic number densities from Ref. 26 and Ref. 27 
are generally consistent except for potassium (K) where there is a factor of 10 difference.  Computation of 
the atomic number densities using the composition and density data from Ref. 25 indicates that the 
densities shown in Ref. 27 are correct, and it is suspected the K atomic number density shown in Ref. 26 
is a typographical error.  The experimental units were Pu(NO3)4 solution contained in stainless steel 
spheres with diameters of 11.5, 14, or 15.2 in.  Solution concentrations ranged between 29 g Pu/L (900 
H/Pu) and 236 g Pu/L (100 H/Pu).  The concentration range includes that for minimum mass criticality to 
near that for minimum volume criticality.  Concrete reflectors ranged in thickness from 4 in. to 11.25 in. 
and arrangements included full spherical and hemispherical either in contact or with an air gap between 
the core and reflector.  The concrete density was 2.35 g/cm3. 
 
Reference 28, Tables 5.39 and 5.40, and Ref. 29 both report critical experiments using mixtures of 
30.14 wt % 235U enrichment uranium dioxide (UO2) and wax.  These experiments were conducted at the 
Atomic Weapons Research Establishment (AWRE) – Aldermaston site in Berkshire, United Kingdom, 
and are the basis for the evaluated criticality safety benchmarks of Refs. 30 and 31.  A total of eight 
rectangular parallelepiped assemblies involving two concrete reflector compositions were constructed 
using 2.54 cm cubes of UO2/wax mixture of various compositions.  Four of the assemblies included a thin 
neutron-absorbing cadmium sheet between the core and reflector.  A full 8 in. thick concrete reflector 
(“concrete A”) surrounded a core with 1.1 g U/cm3 density (81 H/235U).  Composite reflectors, 8 in. thick 
polyethylene on the bottom and sides and 8 in. thick concrete on the top, surrounded cores with 
1.1 g U/cm3 density and 2.0 g U/cm3 density (39 H/235U) using two different concrete compositions, 
“Concrete A,” and “Concrete B.”  The fissile compositions were undermoderated; i.e., the H/235U was 
lower than that for either minimum mass or minimum volume criticality.  The density of both concrete 
compositions was 2.37 g/cm3 and detailed composition data from the various references by weight 
fraction of components and atomic number density of elements is shown in Table IV.
 21 
 
 
 
 
Fig. 12. Concrete Reflected 30 in. Diameter Tank with Raschig Rings 
(extract from Ref. 24)  
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Table III 
Reference 25 Experiments Concrete Composition Shown in Various References 
Ref. 25 Ref. 26 Ref. 27 
Compound wt % Element wt % atom/barn cm atom/barn cm 
MgO 2.17 H 1.237 1.737×10-2 1.7376×10-2 
Al2O3 12.08 O 51.207 4.529×10-2 4.5294×10-2 
CaO 10.34 Na 0.186 1.145×10-4 1.1416×10-4 
Fe2O3 7.57 Mg 1.309 7.620×10-4 7.6195×10-4 
Na2O <0.25 Al 6.393 3.353×10-3 3.3533×10-3 
K2O 1.45 Si 25.662 1.293×10-2 1.2931×10-2 
MnO2 0.17 K 1.204 4.358×10-3 4.3569×10-4 
SiO2 54.9 Ca 7.390 2.609×10-3 2.6095×10-3 
H2O 11.06 Mn 0.107 2.756×10-5 2.7673×10-5 
total 99.99 Fe 5.295 1.342×10-3 1.3417×10-3 
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Table IV 
References 28, 29, 30, and 31 Concrete Compositions 
Element 
Refs. 28 and 29 Refs. 30 and 31 
Nuclide Density 
(nuclei/cc) Composition (wt %) 
Atomic Number Density 
(atom/barn cm) 
Concrete A Concrete B Concrete A Concrete B Concrete A Concrete B 
H 1.23×1022 1.36×1022 0.87 0.9710 1.2327×10-2 1.3750×10-2 
Li - - <0.001 - 2.0575×10-6 - 
B - - 0.0084 - 1.1096×10-5 - 
C 0.034×1022 0.030×1022 0.29 0.2552 3.4482×10-4 3.0325×10-4 
O 4.65×1022 4.75×1022 51.7 53.8338 4.6148×10-2 4.8023×10-2 
Na - - 0.07 - 4.3484×10-5 - 
Mg - - 0.14 - 8.2262×10-5 - 
Al - - 1.57 - 8.3100×10-4 - 
Si 1.650×1022 1.743×1022 32.4 34.6767 1.6475×10-2 1.7622×10-2 
S - - 0.21 - 9.3517×10-5 - 
K 0.004×1022 0.008×1022 0.10 0.2216 3.6527×10-5 8.0892×10-5 
Ca 0.423×1022 0.291×1022 11.84 8.2615 4.2190×10-3 2.9420×10-3 
Mn - - 0.018 - 4.6792×10-6 - 
Fe 0.018×1022 0.018×1022 0.71 1.7802 1.8156×10-4 4.5495×10-4 
Cd - - <0.01 - 1.2705×10-6 - 
Others - - 0.1 - - - 
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1970’s 
 
Reference 32 reports fourteen concrete reflected 8 unit cubic array experiments conducted using 
93.2 wt % 235U enrichment uranium metal cylinders.  These experiments are the basis for the evaluated 
criticality safety benchmark Ref. 33.  The density and composition data in Ref. 32, Table 2, are the basis 
for “Magnuson’s Concrete,” a material in the SCALE (Standardized Computer Analysis for Licensing 
Evaluation) computer code suite identified as “mgconcrete” (Ref. 34) and it is interesting to note that the 
experiments were found unacceptable as benchmarks.  A number of reasons are cited for the 
unacceptability including very subcritical experimental conditions, extrapolations to supercritical 
conditions with insufficient description of technique, and inconsistencies/uncertainties in concrete 
density, composition, and placement of individual blocks of concrete around the experimental arrays to 
form the reflector.  Table V shows the atomic number densities from the original specifications in Ref. 32 
(2.15 g/cm3 mass density) and based on the material “mgconcrete” shown in Ref. 34 (2.147 g/cm3 mass 
density).  Note that three elements at very low concentrations (zinc, strontium, and barium) in the original 
specification are not included in the mgconcrete composition, and that the atomic number densities agree 
to within 0.5%. 
 
Computational/analytical studies involving concrete began to appear in the early 1970’s and two studies 
were published in 1971.  In Ref. 35, the effects of concrete as a moderator and reflector were evaluated 
for storage of Fast Flux Test Facility plutonium dioxide (PuO2)/UO2 fuel pins using several Monte Carlo 
criticality codes.  The report notes: 
 
“Considerable effort was concentrated on evaluating the effect of concrete composition on keff for 
the storage array.  Local concrete is high in basalt and low in limestone (carbon).  The differences 
in aggregates used for ordinary concrete were found to change keff by as much as 250 milli-k 
between extremes.” 
 
The concrete finally selected was ordinary concrete with 150 lb/ft3 (2.4 g/cm3) minimum guaranteed 
density.  The composition of ordinary concrete is not shown. 
 
The second study, Ref. 36, published in 1971 is a very extensive computational treatment of arrays using 
the KENO Monte Carlo criticality code and Hansen-Roach 16 energy group neutron cross sections 
described in Refs. 37 and 38, respectively.  The systems considered were cubic arrays of spherical units 
with from 4 to 10 units in each direction (64 to 1000 units total) and fissionable material conditions as 
shown in Table VI.  Array reflection by water and by two concrete compositions is considered.  The 
concrete compositions are identified as “Oak Ridge Concrete” at a mass density of 2.13 g/cm3 as shown 
in Ref. 39 and “Portland Common Concrete” at a mass density of 2.35 g/cm3.  There are some 
inconsistencies.  “Oak Ridge Concrete” atomic number densities shown in Ref. 36, Table A-7, have some 
disagreements with those shown in Ref. 39 and it appears that calcium may have been mis-identified as 
copper in the table.  In a similar vein, the “Portland Common Concrete” mass density is shown as 2.30 
g/cm3 in the text and 2.35 g/cm3 in Table A-7.  An experiment reported in Ref. 25 using concrete at mass 
density of 2.35 g/cm3 is cited as the source for “Portland Common Concrete” composition.  Atomic 
number densities using Ref. 25 concrete are shown in Refs. 26 and 27 and do not agree with atomic 
number densities shown in Ref. 36.  The Ref. 26 “Portland Common” concrete appears to be substantially 
identical to “Concrete (Common Portland)” shown in Ref. 40 with a mass density of 2.3 g/cm3.  The 
atomic number densities of the various concretes mentioned are shown in Table VII. 
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Table V 
Atomic Number Density Comparison 
Element 
Atomic Number Density 
(atom/barn cm) 
Ref. 32 Ref. 34 (mgconcrete) 
H 4.24×10-3 4.2580×10-3 
C 1.13×10-2 1.1338×10-2 
O 4.02×10-2 4.0372×10-2 
Na 7.90×10-5 7.9355×10-5 
Mg 4.99×10-3 5.0112×10-3 
Al 3.75×10-4 3.7660×10-4 
Si 1.93×10-3 1.9382×10-3 
S 1.00×10-4 1.0012×10-4 
Cl 1.90×10-5 1.9074×10-5 
K 3.11×10-4 3.1234×10-4 
Ca 7.27×10-3 7.3012×10-3 
Ti 4.00×10-5 4.0193×10-5 
Mn 1.20×10-5 1.2050×10-5 
Fe 1.29×10-4 1.2954×10-4 
Zn 8.90×10-6 - 
Sr 8.90×10-6 - 
Ba 3.90×10-6 - 
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Table VI 
Fissionable Material Conditions Considered in Ref. 36 
fissionable 
composition  metal 
fissionable dioxide H/fissionable ratio 
0.4 3 10 20 
100% 235U          
93.2% 235U      
80% 235U       
70% 235U       
50% 235U       
30% 235U       
100% 239Pu      
94.8% 239Pu/5.2% 240Pu       
80% 239Pu/20% 240Pu       
100% 233U      
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Table VII 
Comparison of Concrete Atomic Number Densities 
Element 
Atomic Number Density (atom/barn cm) 
"Oak Ridge" "Portland Common" 
Ref. 36 Ref. 39 Ref. 36 Ref. 27 Ref. 40 
H 8.510×10-3 8.50×10-3 1.386×10-2 1.7376×10-2 1.375×10-2 
C 2.021×10-2 2.02×10-2 - - - 
O 3.560×10-2 3.55×10-2 4.608×10-2 4.5294×10-2 4.608×10-2 
Na - 1.63×10-5 1.747×10-3 1.1416×10-4 1.750×10-3 
Mg 1.880×10-3 1.86×10-3 - 7.6195×10-4 - 
Al 6.000×10-4 5.56×10-4 1.715×10-3 3.3533×10-3 1.750×10-3 
Si 1.680×10-4 1.70×10-3 1.663×10-3 1.2931×10-2 1.663×10-2 
K - 4.03×10-5 - 4.3569×10-4 - 
Ca - 1.11×10-2 - 2.6095×10-3 1.520×10-3 
Cr - - 3.700×10-4 - - 
Mn - - - 2.7673×10-5 - 
Fe 1.700×10-4 1.93×10-4 - 1.3417×10-3 3.500×10-4 
Cu 1.112×10-2 - 1.521×10-3 - - 
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Reference 36 does note: 
 
“It would be a tremendous task to describe the various concretes used throughout the country and 
more difficult still to explore and categorize those properties significant to criticality calculations.  
To circumvent these difficulties, ‘Oak Ridge concrete’ was adopted as the reference material used 
in the calculations. This ‘concrete’ has been extensively used in shielding experiments and their 
calculations and is adequately described in the literature.” 
 
The literature mentioned in the quote is Ref. 39. 
 
It is demonstrated in Ref. 36 that thick concrete can be a more effective reflector around arrays than 
water.  It is also shown that concrete is an effective transmitter of neutrons so arrays separated by 
concrete are not as effectively neutronically isolated as arrays separated by water.  Reference 36 is 
influential because it is cited as the basis for limits shown in an American National Standard, Ref. 41. 
 
References 42 and 43 report critical experiments with arrays of very high enrichment uranium 
(97.7 wt % 235U) in nominal 8 in. diameter uranium hexafluoride (UF6) cylinders.  The effects of concrete 
as a reflector and as a moderator/isolator were explored using 2.15 g/cm3 concrete with the same 
composition as that reported in Ref. 32 (the composition shown in both references is that of Ref. 32 as 
shown in Table V without zinc).  Sixteen containers were available with a total UF6 mass of about 1,700 
kg (about 1,150 kg 235U) that was essentially unmoderated with an H/U ratio less than 0.088. 
 
Reference 44 is a computational study that treats the unique and difficult subject of intersections of pipes 
containing fissile solution.  Three fissile compositions were considered: (1) 93.2 wt % 235U enrichment 
UO2(NO3)2 solution at 450.8 g U/L; (2) 97 wt % 239Pu/3 wt % 240Pu Pu(NO3)4 solution at 200 g Pu/L; and 
(3) 93.2 wt % 235U enrichment UO2F2 solution at 578.6 g U/L.  The solution concentrations used are near 
those for minimum volume criticality.  The stated purpose of the paper is to, “. . . redefine the condition 
of nominal reflection (originally defined as reflection equivalent to a ½-in. water jacket around the pipe 
intersection) as well as to report additional computational results concerning pipe intersection 
geometries.”  The paper goes on to state, “For most plant applications, the condition of nominal reflection 
actually refers to a concrete room rather than to a water jacket.  The differences between the reflecting 
properties of water and concrete and the geometric difference between a large cuboidal shell and a close-
fitting reflector make it desirable to evaluate the effect of a concrete shell reflector directly.”   
 
Two concrete compositions are considered in Ref. 44: (1) “Type 02-a concrete” at a mass density of 2.2 
g/cm3 as described in Ref. 45; and (2) “Oak Ridge Concrete” at a mass density of 2.3 g/cm3 with 
composition obtained by personal communication.  There are some inconsistencies that may be 
typographical errors.  Type 02-a concrete in Ref. 45 shows the mass density of each element; they sum to 
2.302 g/cm3 and the reference indicates the total mass density to be 2.30 g/cm3 rather than the 2.2 g/cm3 
stated in Ref. 44.  Atomic number densities computed from Ref. 45 elemental densities compare within 
0.3% of those shown in Ref. 44.  The Oak Ridge Concrete atomic number densities agree with those 
shown in Ref. 39 (Ref. 39 column in Table VIII) except for aluminum; Ref. 44 shows 1.56 × 10-4 
atom/barn cm and Ref. 39 shows 5.56 × 10-4 atom/barn cm, a factor of about 3.5 difference although it 
could be a typographical error.  The Type 02-a concrete mass and atomic number densities from Refs. 44 
and 45 are shown in Table VIII. 
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Table VIII 
Type 02-a Concrete Densities 
Element 
Ref. 45 
Mass 
Density 
(g/cm3) 
Ref. 44 
Atomic 
Number 
Density 
(atom/barn cm) 
H 0.023 1.3740×10-2 
C 0.0023 1.1500×10-4 
O 1.220 4.5930×10-2 
Na 0.0368 9.6400×10-4 
Mg 0.005 1.2400×10-4 
Al 0.078 1.7400×10-3 
K 0.0299 4.6100×10-4 
Ca 0.100 1.5000×10-3 
Fe 0.032 3.4500×10-4 
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Most computations were done using Type 02-a concrete, and there is no discussion of why that 
composition was chosen although it is observed that, “Concrete compositions vary greatly, change with 
time, and are generally not known accurately for a particular facility.” 
 
Several significant reports with concrete information were published in 1978: (1) Ref. 46 reported an 
extensive series of critical experiments with highly enriched uranyl nitrate solution in single cylinders and 
arrays of cylinders reflected by concrete; these experiments form the basis for benchmark models in Refs. 
47 and 48; (2) Ref. 49, a summary, and Ref. 50, a more extensive report, document concrete reflection 
studies of various systems containing 239Pu metal/water mixtures; (3) Ref. 51 reports studies involving 
concrete reflection of cylindrical systems containing various fissile solutions; and (4) Ref. 3, the fourth 
revision in the Refs. 10, 14, and 17 series, was published. 
 
Reference 46 describes a total of 31 concrete reflected critical experimental arrangements involving 
93.17 wt % 235U enrichment uranyl nitrate solution in cylindrical vessels.  Single units had diameters of 
11 and 13 in. and units in arrays (2 × 2 square arrangements of 4 units and 4 × 4 square arrangements of 
16 units) had diameters of 6.35 and 8.3 in.  The reflector was a cubical shell about 48 in. inside dimension 
and about 10 in. thick that enclosed single or multiple units.  None of the units was in contact with the 
reflector or other units. 
 
The concrete mass density was 2.321 g/cm3 and the composition is carefully detailed in Ref. 46.  Cured 
concrete composition was determined in two ways.  “Ingredients” analysis is described as, “Having an 
elemental analysis of the sand, cement, and limestone, the amount of each element in the overall 
composition was calculated by multiplying the weight fraction of the element within the ingredient by the 
weight fraction of the ingredient within the concrete.”  “Cured concrete” analysis “was an elemental 
analysis of the well-cured concrete by a private laboratory.”  There are differences between the results 
obtained by each technique and no reasons for them are stated.  The results of the two measurements and 
their average are reported along with atomic number densities.  Table IX shows the two analysis results, 
their average (“average analysis”), and the atomic number densities reported using the average analysis 
and 2.321 g/cm3 density.  Reference 53 reports computational studies that supplement Ref. 46.  Table IX 
shows the reported atomic number densities that were computed using the average analysis and a density 
of 2.32 g/cm3.  Reference 46 concrete composition and mass density are indicated to be the basis for the 
benchmark models in Refs. 47 and 48 and the material “rfconcrete” in Ref. 34.  In Refs. 34, 47, and 48, 
atomic number densities were computed using the cured concrete analysis from Ref. 46 and a mass 
density of 2.321 g/cm3. 
 
References 49 and 50 report computational studies of concrete reflection of both single units and arrays 
with 239Pu as the fissile material both as unmoderated metal and as metal/water mixtures with 239Pu 
concentrations ranging from 10 to 1000 g/L.  Effects examined included variation of elemental content of 
a concrete composition, water content of concrete, and geometry of the unit being reflected.  The concrete 
composition used in most cases was substantially that of Refs. 25 and 26 shown in Table III.  Some 
comparisons are made to a concrete composition similar to that of Ref. 39. 
 
Reference 51 addresses the issue of equivalent reflection by various materials – some degree of contact 
water reflection is usually considered and less intimate reflection by concrete is usually encountered in 
practical applications.  Reference 51 was also done at a time the community was struggling with how to 
properly evaluate intersecting cylinders; e.g., fissile solution piping ells and tees in a chemical operations 
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Table IX 
Concrete Atomic Number Densities from Various References 
Element 
Ref. 46 Analysis (wt %) 
Atomic Number Density (atom/barn cm) 
Ingredients Cured Concrete Average Ref. 46 Ref. 53 Refs. 47 & 48 Ref. 34 
H 0.75 0.75 0.75 0.0104008 0.0104010 1.0401×10-2 1.0402×10-2 
C 5.57 5.52 5.55 0.0064590 0.0064590 6.4237×10-3 6.4239×10-3 
N 0.00 0.02 0.01 0.0000100 0.0000100 1.9958×10-5 1.9963×10-5 
O 50.09 48.49 49.29 0.0430634 0.0430630 4.2362×10-2 4.2374×10-2 
Na 0.21 0.63 0.42 0.0002554 0.0002554 3.8303×10-4 3.8303×10-4 
Mg 1.71 1.25 1.48 0.0008509 0.0008509 7.1885×10-4 7.1885×10-4 
Al 1.94 2.17 2.06 0.0010672 0.0010672 1.1241×10-3 1.1241×10-3 
Si 15.91 15.50 15.70 0.0078138 0.0078138 7.7139×10-3 7.7139×10-3 
S 0.15 0.19 0.17 0.0000741 0.0000741 8.2809×10-5 8.2823×10-5 
K 0.13 1.37 0.75 0.0002681 0.0002681 4.8976×10-4 4.8977×10-4 
Ca 22.91 23.00 22.95 0.0080040 0.0080040 8.0213×10-3 8.0214×10-3 
Ti 0.00 0.10 0.05 0.0000146 0.0000146 2.9192×10-5 2.9201×10-5 
Fe 0.63 1.01 0.82 0.0002052 0.0002052 2.5278×10-4 2.5279×10-4 
Total 100.00 100.00 100.00 - - - - 
Density (g/cm3) - - - 2.321 2.32 2.321 2.321 
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facility; to demonstrate safety.  It was influential as one of the references for the American National 
Standard for pipe intersections, Ref. 52, which was approved in 1987, reaffirmed in 1995, and withdrawn 
in 2005.  The standard was not often used and the need for it was largely supplanted by the continued 
development of geometric modeling capabilities in nuclear criticality computer codes and parallel 
advances in computer speeds.  In Ref. 51, a variety of 235U solutions at high and low enrichment, 
plutonium dioxide/water mixtures, and 233U solutions were considered in infinite length single cylinders 
and intersecting cylinders with reflection by water and concrete.  Reflectors both in contact with and 
offset from infinite length cylinders were considered.  Reflection of intersecting fissile material cylinders 
included water immersion and various placements within a 2 meter square inside dimension concrete 
annulus.  Two concrete compositions were used in the studies and were indicated to be from Refs. 39 and 
44.  Concrete mass densities are mentioned but no further details are given 
 
In the Ref. 3 revision to the Refs. 10, 14, and 17 sequence, it is acknowledged that concrete can be a more 
effective reflector than water under some conditions.  The minimal, nominally unreflected, reflector 
condition of previous revisions (Refs. 10, 14, and 17) does not appear.  The reflection conditions 
recognized are contact reflection by 25 mm and 300 mm thick water.  The 25 mm thick condition is 
adequate to account for reflection by water jackets about piping and by concrete 300 mm or more distant.  
Factors for adjusting water reflected mass, volume, and dimension limits to account for close fitting 
concrete reflection are provided.  References cited for the adjustment factors are Ref. 25 and a report, 
ORNL/CSD/TM-36 “to be published.”  The “to be published” report was sought but was not found. 
 
1980’s 
 
The period from 1978 through 1982 was a very active time for the Rocky Flats Critical Mass Laboratory.  
Several series of experiments were performed with 4.46 to 4.48 wt % 235U enrichment triuranium 
octoxide (U3O8) at a uranium density of 4.7 g U/cm3 (Refs. 54-57).  Water was carefully added to the low 
enrichment uranium (LEU) oxide to produce H/U ratios from 0.77 to 2.03 (H/235U from 17 to 45) and for 
a number of these experiments high enrichment uranium (HEU) was present as either metal or uranyl 
nitrate solution to ‘drive’ the systems to criticality.  About 1/3 of the experiments were reflected by 
concrete as indicated in Table X which shows references for experimental reports and benchmark 
evaluations (Refs. 58-63). 
 
 
Table X 
Rocky Flats Critical Mass Laboratory LEU Experimental Series 
H/U 
Number of Experiments HEU 
driver 
Reference(s) Benchmark Evaluations 
total concrete 
reflected principal secondary principal 
cross- 
reference 
0.77 21 9 no 54 55 58 - 
0.77 10 3 yes 55 54 59 61 62 
1.25 12 5 yes 56 55 60 63 2.03 5 3 57 54 
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The concrete reflector was a multipart enclosing shell that was supplemented for some experiments with 
fillers to occupy space that would otherwise be vacant between the shell and active material.  The 
concrete reflector and various filler pieces were cast at different times and are indicated to differ in 
density and composition, particularly in hydrogen content.  The compositions derived in benchmark 
evaluations are shown in Table XI. 
 
Fast Test Reactor (FTR) fuel pins were used in a series of critical experiments at the Pacific Northwest 
Critical Mass Laboratory.  Water moderated lattices of fuel pins were constructed sitting on the bottom of 
a 0.952 cm thick carbon steel tank that rested on a concrete floor at least 40.6 cm thick.  Lateral reflection 
was by 40.6 cm thick concrete and water at least 15 cm thick was present above the lattices.  The lateral 
concrete reflectors were carefully designed and constructed and composition data for them are shown in 
Ref. 64 and Table XII.  Concrete density was stated to be 2.416 g/cm3 under room conditions and 
2.452 g/cm3 immersed in water at equilibrium density.  The difference in densities suggests that 
0.036 g/cm3 was due to additional water from prolonged water immersion, a condition supported by the 
observation in Ref. 64 that, “A visual inspection of one of the samples, under equilibrium conditions, 
indicated a uniform distribution of moisture across the interior of the test sample.”  The data of Table XII, 
without the uncertainties indicated, sums to 100 wt %, and it is peculiar that the reported concrete 
composition does not indicate hydrogen content although it must have been present.  It is noted that 
interpreting the element “He” as a typographical error that should be “H” would not be unreasonable 
because the weight percentage shown is within the range indicated by other concrete compositions.  The 
atomic number densities shown in Table XII result from the assumptions that “He” is “H,” and the mass 
density is the room conditions value of 2.416 g/cm3. 
 
Critical experiments using 93.2 wt % 235U enrichment as 357 g U/L uranyl nitrate solution were 
conducted at the Rocky Flats Critical Mass Laboratory in three configurations of annular tanks to 
demonstrate the viability of using annular tanks for fissile solution storage.  Configuration I used four 
concentric tanks to effectively form a single unit, Configuration II was an in-line array of two units with 
each unit composed of three concentric annular tanks, and Configuration III was an in-line array of three 
units with each unit composed of two concentric tanks.  Views of Configurations I and III are shown in 
Fig. 13 and Fig. 14, respectively.  In the original Ref. 65 reporting of the experiments, lateral reflection 
was described as, “. . . closely reflected by ordinary concrete wall panels 0.2 m thick × 2.44 m tall.”  No 
details of the concrete composition or density were given in Ref. 65.  Fifteen years after the initial 
reporting, Ref. 66 by the original experimenter provided additional details. 
 
Concrete composition was determined using a mix of measured information and specification or 
theoretical data as described in Refs. 67 and 68.  The evaluation of Ref. 67 antedates that of Ref. 68 by 
one year, and the evaluators interpreted the information differently to arrive at two somewhat different 
concrete compositions as shown by the comparison in Table XIII.  The concrete mass density in both 
evaluations was 2.29 g/cm3. 
 
In 1983 and 1984, a total of 62 experiments were conducted at the Rocky Flats Plant Critical Mass 
Laboratory using a 106.6 cm inside diameter by 151.0 cm inside height tank.  Various arrangements of 
neutron absorbing materials could be placed within 2.84 cm diameter tubes latticed in the tank, and 
93.172 wt % 235U enrichment uranyl nitrate solution at 362.5 g U/L could be admitted to the tank to 
determine critical height.  Experiments with 492, 432, 376, 374, 332, 256, and no lattice tubes/absorbing 
materials in place were done.  The tank was surrounded on four sides by a 25.7 cm thick concrete  
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Table XI 
Rocky Flats Plant LEU Experiments Concrete Reflector Characteristics 
Element 
Atomic Number Density (atom/barn cm) 
Refs. 58, 59, 60 Ref. 58 
reflector filler pieces filler piece 6 
H 7.9601×10-3 1.2356×10-2 1.1319×10-2 
C 6.2190×10-3 6.1858×10-3 - 
N - 2.5259×10-4 - 
O 4.2641×10-2 4.8623×10-2 4.4120×10-2 
Na 2.7076×10-4 3.1394×10-4 9.9246×10-4 
Mg 8.7646×10-4 8.3846×10-4 8.8009×10-4 
Al 1.1330×10-3 1.3218×10-3 3.0126×10-3 
Si 8.3729×10-3 8.3242×10-3 1.4826×10-2 
S 5.6073×10-5 9.2669×10-5 - 
K 2.7596×10-4 1.9184×10-4 - 
Ca 7.5000×10-3 5.5862×10-3 2.3128×10-3 
Fe 2.1301×10-4 2.7875×10-4 1.2257×10-3 
mass density (g/cm3) 
concrete 2.297 2.35 2.368 
 
 
 
Table XII 
Pacific Northwest Critical Mass Laboratory Concrete Reflector Composition (Ref. 64) 
Element wt % Atomic Number Density (atom/barn cm) 
He   0.82 ± 0.07 1.1837×10-2 
O 52.26 ± 0.58 4.7524×10-2 
Na   0.17 ± 0.01 1.0759×10-4 
Mg   1.45 ± 0.05 8.6800×10-4 
Al   2.32 ± 0.01 1.2510×10-3 
Si 34.68 ± 0.39 1.7966×10-2 
K   0.75 ± 0.15 2.7909×10-4 
Ca   7.27 ± 0.28 2.6392×10-3 
Fe   0.28 ± 0.02 7.2946×10-5 
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Fig. 13. Configuration I Arrangements 
(extract from Ref. 67) 
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Fig. 14. Configuration III Arrangements 
(extract from Ref. 68) 
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Table XIII 
Interpretations of Concrete Composition for Experiments of Refs. 67 and 68 
Element 
or 
Compound 
Composition (wt %) Atomic Number Density (atom/barn cm) 
Ref. 67 Ref. 68 Ref. 67 Ref. 68 
H - - 1.4354×10-2 1.4544×10-2 
C 0.0074503 0.0070705 - 8.1181×10-6 
O 43.819 44.112 4.4452×10-2 4.5295×10-2 
Na 0.10677 0.096375 - 5.7811×10-5 
Mg 0.79589 0.45352 4.4567×10-4 2.5732×10-4 
Al 5.8964 5.9828 2.9742×10-3 3.0579×10-3 
Si 29.703 30.215 1.4394×10-2 1.4836×10-2 
S 0.06666 0.1578 - 6.7855×10-5 
K 0.48163 0.30451 1.6765×10-4 1.0740×10-4 
Ca 6.3712 6.0722 2.1636×10-3 2.0894×10-3 
Ti 0.41637 0.29572 1.1835×10-4 8.5175×10-5 
V 0.013052 0.013041 - 3.5304×10-6 
Mn 0.093716 0.03722 2.3217×10-5 9.3431×10-6 
Fe 2.5066 2.5179 6.1087×10-4 6.2177×10-4 
Ni 0.0013052 0.0013041 - 3.0643×10-7 
Zn - 0.00065205 - 1.3752×10-7 
Rb 0.010677 0.0054585 - 6.3564×10-7 
Sr 0.026104 0.026082 - 4.1051×10-6 
Zr 0.0013052 0.0013041 - 1.9714×10-7 
Ba 0.088496 0.092746 - 9.3137×10-6 
Ta 0.093717 0.06946 7.0489×10-6 5.2937×10-6 
H2O 9.5 9.5 - - 
total 99.9993437 99.9621633 
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reflector.  A top view of the experimental vessel and surrounding reflector, extracted from Ref. 69, is 
shown in Fig. 15.  Two slightly different concrete compositions were present because the bottom 122 cm 
of the reflector had been cast in 1976 for use in a previous experimental program (Refs. 46 and 53) and 
the top 30.4 cm was cast using the same formulation in 1983 for this experimental series.  The 
experimental report is Ref. 70, and it is the basis for the evaluation of Ref. 69.  The two concrete 
compositions derived in the Ref. 69 evaluation are shown in Table XIV and can be compared to similar 
data shown in Table IX for Refs. 34, 46 through 48, and 53.  Several small discrepancies can be observed 
similar to those noted above for Table IX. 
 
In 1986 and 1988, reports of criticality experiments conducted at the Hanford Critical Mass Laboratory 
appeared in Refs. 71 and 72.  The experiments were re-evaluated in a journal article, Ref. 73, and the 
three references cited form the basis for the Ref. 74 benchmark evaluation.  The experiments of interest 
used mixed plutonium nitrate/uranium nitrate solution in a 35.39 cm inside diameter by 106.60 cm inside 
height cylindrical vessel.  The vessel was laterally reflected by 25.2 cm thick concrete at a mass density of 
2.33 g/cm3.  The arrangements are shown in the cutaway schematic of Fig. 16.  Reflector concrete 
composition is detailed in Refs. 71 and 72 with a complete listing of analytical results.  The final 
composition shown deletes all components with concentrations <0.6 wt % [<6000 parts per 
million (ppm)] all of which represent <0.78 wt % (7800 ppm).  In Refs. 71 and 72, concrete mass density 
is stated to be 2.3 g/cm3 and in Ref. 73 to be 2.33 g/cm3 although the atomic number densities shown in 
all three references are the same.  Reference 74 shows atomic number densities based on 2.33 g/cm3 and 
the composition shown in Refs. 71, 72, and 73.  The composition data are shown in Table XV. 
 
1990’s 
 
Results of a moderately comprehensive computational study of concrete as a reflector and an isolator are 
given in Ref. 75.  The 100 wt % 235U enrichment fissile materials considered were metal at 18.74 g/cm3 
and UO2F2 solution at 470 g U/L which is approximately the concentration for minimum volume 
criticality.  Eight concrete compositions were considered and their detailed compositions are shown in 
Table XVI by the names assigned in the reference.  Two of the compositions, Oak Ridge and Magnuson, 
are very similar to compositions already encountered.  The geometric arrangement considered for 
reflection was an infinite extent slab of fissile material reflected on both faces by concrete of varying 
thickness.  The thickness of each fissile material was approximately that for water reflected criticality.  
Graphs of results are shown in Fig. 17 and indicate that there can be fairly large differences in 
effectiveness depending upon concrete composition. 
 
A related study that examines concrete reflector effectiveness as a function of concrete moisture changes 
due to aging and other factors appears in Ref. 76.  The principal conclusions of the study were that 
concrete reflection effectiveness changes with aging and must be anticipated.  No detailed concrete 
compositions are shown in the report. 
 
Two papers, one a computational study and the other a report on experiments, appeared in the 
proceedings of an international conference in 1991. 
 
Reference 77 considered five simplified concrete compositions from various unattributed sources, all at 
an assumed density of 2.35 g/cm3.  Nominal concrete compositions are shown for concretes identified as 
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Fig. 15. Top View of “Poison Tube Tank” 
(extract from Ref. 69) 
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Table XIV 
Reference 69 Upper and Lower Concrete Reflector Atomic Number Densities 
Element 
Atomic Number Density 
(atom/barn cm) Element 
Atomic Number Density 
(atom/barn cm) 
Upper Lower Upper Lower 
H 1.0370×10-2 1.0395×10-2 Si 7.7906×10-3 7.8092×10-3 
C 6.4419×10-3 6.4556×10-3 P 9.0892×10-8 1.8076×10-8 
N 9.9703×10-5 9.9941×10-5 S 7.3891×10-4 7.4058×10-4 
O 4.2936×10-2 4.3038×10-2 K 2.6730×10-4 2.6794×10-4 
Na 2.5464×10-4 2.5525×10-4 Ca 7.9802×10-3 7.9993×10-3 
Mg 8.4837×10-4 8.5040×10-4 Ti 1.4557×10-5 1.4591×10-5 
Al 1.0640×10-3 1.0666×10-3 Mn 1.9217×10-6 3.8217×10-7 
   Fe 4.5420×10-4 2.5472×10-4 
 
 
 
 
 
Fig. 16. Cutaway Schematic of Concrete Reflected Critical Experiment  
(extract from Ref. 72) 
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Table XV 
Concrete Compositions 
Element 
Refs. 71, 72, 73 Ref. 74 
(wt %) (atom/barn cm) (atom/barn cm) 
H 1.05 1.462×10-2 1.4617×10-2 
O 51.91 4.553×10-2 4.5525×10-2 
Na 1.43 8.728×10-4 8.7278×10-4 
Mg 0.92 5.310×10-4 5.3112×10-4 
Al 4.79 2.491×10-3 2.4910×10-3 
Si 23.10 1.154×10-2 1.1541×10-2 
S 0.38 1.663×10-4 1.6628×10-4 
K 0.72 2.584×10-4 2.5839×10-4 
Ca 12.00 4.201×10-3 4.2012×10-3 
Ti 0.33 9.667×10-5 9.6702×10-5 
Fe 3.37 8.468×10-4 8.4670×10-4 
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Table XVI 
Concrete Compositions from Ref. 75 
Element 
Atomic Number Density (atom/barn cm) 
Oak Ridge 
(2.299 g/cm3) 
Rocky Flats 
(2.321 g/cm3) 
Magnuson 
(2.147 g/cm3) 
Regular 
(2.300 g/cm3) 
H 8.5010×10-3 1.0402×10-2 4.2581×10-3 1.3744×10-2 
C 2.0217×10-2 6.4296×10-3 1.1348×10-2 - 
N - 1.9963×10-5 - - 
O 3.5511×10-2 4.2372×10-2 4.0370×10-2 4.6068×10-2 
Na 1.6299×10-5 3.8303×10-4 7.9356×10-5 1.7472×10-3 
Mg 1.8602×10-3 7.1885×10-4 5.0111×10-3 - 
Al 5.5580×10-4 1.1241×10-3 3.7660×10-4 1.7454×10-3 
Si 1.7000×10-3 7.7140×10-3 1.9382×10-3 1.6620×10-2 
S - 8.2826×10-5 1.0013×10-4 - 
Cl - - 1.9074×10-5 - 
K 4.0300×10-5 4.8972×10-4 3.1231×10-4 - 
Ca 1.1101×10-2 8.0209×10-3 7.3008×10-3 1.5206×10-3 
Ti - 2.9193×10-5 4.0183×10-5 - 
Mn - - 1.2050×10-5 - 
Fe 1.9301×10-4 2.5279×10-4 1.2954×10-4 3.4724×10-4 
Ni - - - - 
Zn - - - - 
 
Ordinary 
(2.370 g/cm3) 
Dry Tube Vault 
(2.304 g/cm3) 
Wet Tube Vault 
(2.413 g/cm3) 
X-10 Tube Vault 
(2.403 g/cm3) 
H 1.4868×10-2 5.9299×10-3 1.3207×10-2 9.4620×10-3 
C 3.8140×10-3 1.0869×10-2 1.0869×10-2 1.0517×10-2 
N - - - - 
O 4.1519×10-2 4.0787×10-2 4.4426×10-2 4.6078×10-2 
Na 3.0400×10-4 1.2899×10-5 1.2899×10-5 1.2831×10-5 
Mg 5.8700×10-4 2.1006×10-4 2.1006×10-4 5.0950×10-3 
Al 7.3500×10-4 3.2163×10-4 3.2163×10-4 4.1696×10-4 
Si 6.0370×10-3 9.6143×10-4 9.6143×10-4 2.6750×10-3 
S - 6.0281×10-5 6.0281×10-5 9.6151×10-5 
Cl - - - - 
K - 8.2232×10-6 8.2232×10-6 1.2780×10-5 
Ca 1.1588×10-2 1.3665×10-2 1.3665×10-2 8.7644×10-3 
Ti - - - - 
Mn - - - - 
Fe 1.9680×10-4 8.3678×10-5 8.3678×10-5 1.3978×10-4 
Ni - - - - 
Zn - - - 1.1178×10-5 
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Fig. 17. Effects of Concrete Reflection 
(extract from Ref. 75) 
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Woodcock, Oak Ridge, Hanford, Windscale, and Magnusson.  See Table XVII.  Arrangements 
considered included large capacity storage for 235U oxides and 239Pu solutions and basic one dimensional 
shapes reflected by the various concretes.  Hydrogen content was varied from 0 to 2 wt % in the 
concretes, which corresponds to a maximum water content of about 18 wt %. 
 
Much of the focus of the study was on the hydrogen content.  Several of the conclusions stated are: (1) the 
simplest idealized composition (silicon/oxygen/hydrogen of Woodcock concrete) is usually the most 
pessimistic; (2) of the “real” concretes, the Oak Ridge composition was the most effective; and (3) “In 
any system where concrete is important as a reflector a survey over possible concrete compositions 
should be carried out so as to ensure that the most reactive case has been correctly identified.” 
 
Three of the five concretes shown appear to have been encountered: Magnusson, Oak Ridge, and 
Hanford.  Magnusson appears to be the concrete shown in Table V with about 10 times the potassium and 
without the minor constituents sodium, chlorine, titanium, manganese, zinc, strontium, and barium.  Oak 
Ridge appears to be the concrete shown in Table VII, with iron content about 30% higher and without the 
minor constituent sodium.  Hanford appears to be the concrete of Table III, Ref. 26, without the minor 
constituents sodium, potassium, or manganese.  The origins and bases for the Woodcock and Windscale 
compositions are not known. 
 
Experiments using nominal 2.6 wt % 235U enrichment fuel pins in the Tank-type Critical Assembly (TCA) 
at the Japan Atomic Energy Research Institute (JAERI) are reported in Ref. 78.  TCA is a 1.83 m 
diameter open top tank used to construct water moderated and reflected arrays of fuel pins.  There are no 
control rods and criticality is achieved by controlling water level.  In the reported experimental series, a 
15 by 22 lattice of fuel pins at a square pitch of 1.956 cm was used with concrete replacing water reflector 
on one of the 22 unit faces of the lattice.  The active fuel length was 144 cm and the concrete reflectors 
were 80 cm height by 50 cm width.  Three thicknesses were used: 5.1, 10.1, and 15.2 cm.  The concrete 
mass density was 1.98 g/cm3, and the composition is detailed in Table XVIII. 
 
Three French documents, Refs. 79 through 81, were used to prepare the evaluation Ref. 82, which reports 
on experiments investigating the effect of replacing water reflector on one lateral face of a fuel pin array 
with concrete of various thicknesses.  The fuel pins were 4.738 wt % 235U enrichment UO2 arranged as a 
12 × by 36 lattice on 1.6 cm square pitch immersed in water.  The partial concrete reflector ranged in 
thickness from 2.5 cm to 40 cm in 2.5 cm increments.  Criticality was achieved by adjusting the 
moderator/reflector water height.  The concrete density was 2.15 g/cm3, and complete composition data 
from Reference 82 is shown in Table XIX.  Fig. 18 and Fig. 19, both extracted from Ref. 82, show the 
actual arrangements and a cross sectional schematic, respectively. 
 
Reference 83 reports on a computational study using infinite extent slab systems to compare eight 
concrete compositions varying in content from 3 to 11 wt % water.  The stated intent of the study was to 
clarify the importance of various concrete constituents and to determine some general guidance as to the 
magnitude of effects.  Using a fixed 235U fission spectrum source, it was observed that for concrete 
reflector thicknesses greater than 25 cm: (1) the higher the water content the greater the fraction of 
neutrons absorbed; (2) generally speaking the lower the water content the more effective the concrete 
composition is as a reflector; and (3) 50 cm thick is substantially an infinite reflector thickness.  Results 
for two fissile material conditions, 100 wt % 235U enrichment full density metal and 40 g 235U/L 
metal/water mixture (approximately the concentration for minimum mass criticality), demonstrate that the 
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Table XVII 
Reference 77 Concrete Compositions in wt % 
Element 
Concrete Identity 
Woodcock Oak Ridge Hanford Windscale Magnusson 
C  18  6 10 
O 60 42 52 50 46 
Mg  3.3 1.3  8.5 
Al   6.5 1.4 0.7 
Si 40 3.5 27 16 4 
S    0.2 0.2 
K     9 
Ca  32 7.5 26 21 
Fe  1 5 1 0.5 
total 100 99.8 99.3 100.6 99.9 
 
 
 
Table XVIII 
Reference 78 Concrete Composition 
Compound wt % Element Atomic Number Density (atom/barn cm) wt % 
CO2 1 H 3.0976×10-2 2.62 
SiO2 17.5 C 2.7093×10-4 0.27 
Al2O3 5.1 O 3.6549×10-2 49.04 
Fe2O3 2.1 Mg 4.1418×10-4 0.84 
CaO 47.9 Al 1.1928×10-3 2.70 
MgO 1.4 Si 3.4729×10-3 8.18 
SO3 1.6 S 2.3827×10-4 0.64 
H2O 23.4 Ca 1.0185×10-2 34.23 
  Fe 3.1360×10-4 1.47 
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Table XIX 
Reference 82 Concrete Compositions 
Compound wt % Element 
Atomic Number 
Density 
(atom/barn cm) 
H2O 4.29 H 6.1664×10-3 
Al2O3 1.4 O 4.1030×10-2 
CaO 15.1193 Na 2.2246×10-5 
SiO2 77.3 Mg 4.7464×10-5 
Fe2O3 0.6006 Al 3.5553×10-4 
TiO2 0.0654 Si 1.6657×10-2 
K2O 0.247 S 1.3194×10-4 
SO3 0.8161 K 6.7886×10-5 
Na2O 0.0533 Ca 3.4908×10-3 
MgO 0.1477 Ti 1.0600×10-5 
MnO 0.0194 Cr 9.4624×10-7 
Cr2O3 0.0056 Mn 3.5351×10-6 
 
  Fe 9.7372×10-5 
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Fig. 18. Experimental Apparatus 
(extract from Ref. 82) 
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Fig. 19. Cross-Section Schematic of Arrangements 
(extract from Ref. 82) 
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neutron spectrum incident on the concrete reflector is an important factor in determining reflector 
effectiveness.  Table XX shows the concrete compositions and densities using information from reference 
83 and Table XXI shows the atomic number densities of the concretes computed from the data of Table 
XX. 
 
A majority of the concrete compositions in Ref. 83 have already been encountered: 
• “Hanford” is substantially that of Table VII (Ref. 27 column) 
• “Ordinary” is substantially that of Table XVI (“Ordinary” column) 
• “Regular” is substantially that of Table VII (Ref. 40 column) 
• “Rocky Flats” is substantially that of Table IX (Ref. 46, Cured Concrete column) 
• “Oak Ridge” is substantially that of Table VII (Ref. 39 column) 
• “Magnuson” is substantially that of Table V (Ref. 34 column) 
 
The composition “Ordinary” appears as element atomic number densities in Ref. 84.  The compositions 
that are “new” are “NBS” which appears as element weight percents in Ref. 85 and as element weight 
fractions in Ref. 86; and “Los Alamos” which appears as element weight fractions and atomic number 
densities in Ref. 86.  
 
Reference 87 is a technical study somewhat similar to that reported in Ref. 51.  For several fissile 
materials and concrete compositions, the study establishes the distance from a fissile unit and the 
thickness of concrete reflector needed to produce the same neutron multiplication factor as a 2.5 cm thick 
water reflector in contact with the fissile unit.  Fissile materials include 5 wt % 235U enrichment UO2F2 
solution and three compositions of plutonium nitrate solution in infinite length cylinders.  In spheres, 
239PuO2/water mixtures and 2.5 wt % 235UO2F2 solution were considered.  The basic concrete composition 
used in the study, described as “Portland” provided by a computer code library, had a mass density of 
2.3 g/cm3 and water content of 8.9 wt %.  Details of the composition are shown in Table XXII.  Concrete 
water contents of 0 and 3 wt % were also considered, evidently by varying hydrogen and oxygen content 
without change in concrete mass density.  The results indicate that the drier concrete compositions tend to 
be the most effective. 
 
Critical experiments at JAERI with 10 wt % 235U enrichment uranyl nitrate solution are reported in Ref. 
88.  Two configurations were used: (1) a 60 cm diameter by 150 cm cylindrical vessel with ~240 g U/L 
solution; and (2) a 69 cm by 150 cm by 28 cm thick rectangular parallelepiped or slab with ~310 g U/L 
solution.  The cylindrical vessel was radially unreflected or reflected by 2.3 g/cm3 concrete that was 5, 
9.9, 20 or 30.1 cm thick.  The two 69 cm by 150 cm faces of the slab were unreflected or reflected by 
2.33 g/cm3 concrete that was 2.5, 5, 10.1, 20, or 30.1 cm thick.  Slab experiments were also conducted 
with air gaps between the slab and reflector and with the reflector present on only one face. 
 
The concrete reflector compositions are detailed in Ref. 88.  Reference 89 also describes the experiments 
in less detail.  Reference 88 was a principal data source for preparation of evaluation Refs. 90 and 91 
which provide models and data for some of the experiments.  Details from Refs. 90 and 91 of the two 
concrete compositions involved are shown in Table XXIII.  These are the latest experiments found that 
involve concrete as a reflector. 
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Table XX 
Reference 83 Concrete Compositions in wt % 
ID Han Ord Reg RF OR NBS LA Mag 
Density 
(g/cm3) 2.35 2.37 2.30 2.321 2.2994 2.35 2.25 2.147 
H 1.23 1.05 1 0.75 0.6187 0.56 0.453 0.3319 
C  3.21  5.52 17.52   10.53 
N    0.02     
O 51.3 46.54 53.2 48.49 41.02 49.56 51.26 49.94 
Na 0.2 0.49 2.9 0.63 0.0271 1.71 1.527 0.1411 
Mg 1.3 1  1.25 3.261 0.24  9.42 
Al 6.4 1.39 3.4 2.17 1.083 4.56 3.555 0.7859 
Si 25.6 11.88 33.7 15.5 3.448 31.35 36.036 4.21 
S    0.19  0.12  0.2483 
CI        0.0523 
K 1.2   1.37 0.1138 1.92  0.9445 
Ca 7.4 32.54 4.4 23 32.13 8.26 5.791 22.63 
Ti    0.1    0.1488 
Mn        0.0512 
Fe 5.3 0.77 1.4 1.01 0.7784 1.22 1.378 0.5595 
Total 99.93 98.87 100 100 100 99.5 100 99.9935 
 
 
 
Table XXI 
Reference 83 Concrete Compositions in atom/barn cm 
Element Han Ord Reg RF OR NBS LA Mag 
H 1.7270×10-2 1.4869×10-2 1.3742×10-2 1.0401×10-2 8.5001×10-3 7.8630×10-3 6.0899×10-3 4.2576×10-3 
C  3.8144×10-3  6.4237×10-3 2.0198×10-2   1.1335×10-2 
N    1.9958×10-5     
O 4.5376×10-2 4.1516×10-2 4.6056×10-2 4.2362×10-2 3.5502×10-2 4.3837×10-2 4.3412×10-2 4.0358×10-2 
Na 1.2311×10-4 3.0420×10-4 1.7472×10-3 3.8303×10-4 1.6323×10-5 1.0526×10-3 8.9998×10-4 7.9355×10-5 
Mg 7.5694×10-4 5.8722×10-4  7.1885×10-4 1.8579×10-3 1.3974×10-4  5.0111×10-3 
Al 3.3568×10-3 7.3527×10-4 1.7454×10-3 1.1241×10-3 5.5581×10-4 2.3917×10-3 1.7853×10-3 3.7660×10-4 
Si 1.2900×10-2 6.0371×10-3 1.6620×10-2 7.7139×10-3 1.7000×10-3 1.5797×10-2 1.7385×10-2 1.9381×10-3 
S    8.2809×10-5  5.2954×10-5  1.0011×10-4 
CI        1.9073×10-5 
K 4.3435×10-4   4.8976×10-4 4.0304×10-5 6.9496×10-4  3.1234×10-4 
Ca 2.6130×10-3 1.1588×10-2 1.5206×10-3 8.0213×10-3 1.1101×10-2 2.9167×10-3 1.9578×10-3 7.3006×10-3 
Ti    2.9192×10-5    4.0182×10-5 
Mn        1.2050×10-5 
Fe 1.3430×10-3 1.9678×10-4 3.4722×10-4 2.5278×10-4 1.9300×10-4 3.0915×10-4 3.3433×10-4 1.2953×10-4 
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Table XXII 
Basic “Portland” Concrete Composition of Ref. 87 
Element Atomic Number Density (atom/barn cm) 
H 1.3740×10-2 
O 4.5900×10-2 
Na 2.7780×10-3 
Al 1.7380×10-3 
Si 1.6608×10-2 
Ca 1.4989×10-3 
 
 
 
Table XXIII 
Concrete Compositions of Refs. 90 and 91 
Compound Density (g/cm
3) 
Element 
Atomic Number Density (atom/barn cm) 
Ref. 90 Ref. 91 Ref. 90 Ref. 91 
H2O 0.2529 0.2173 H 1.6908×10-2 1.4528×10-2 
SiO2 1.5270 1.4716 O 4.5713×10-2 4.4590×10-2 
Al2O3 0.1343 0.1315 Na 8.4727×10-4 1.0533×10-3 
Fe2O3 0.0527 0.0369 Mg 4.9008×10-4 1.9573×10-4 
CaO 0.2061 0.3663 Al 1.5864×10-3 1.5533×10-3 
MgO 0.0328 0.0131 Si 1.5305×10-2 1.4749×10-2 
SO3 0.0121 0.0145 S 9.1007×10-5 1.0906×10-4 
Na2O 0.0436 0.0542 Cl 1.5797×10-6 9.0027×10-7 
K2O 0.0428 0.015 K 5.4725×10-4 1.9179×10-4 
Cl- 0.000093 0.000053 Ca 2.2133×10-3 3.9337×10-3 
Total 2.304 2.321 Fe 3.9747×10-4 2.7830×10-4 
 
 
 52 
 
2000’s 
 
The results of a computational study considering fixed mass metal spheres of either 235U or 239Pu reflected 
by various materials are reported in Ref. 92.  Results are given for keff as a function of reflector thickness. 
One of the reflector materials considered is identified as “Concrete-(Portland)” at a mass density of 
2.32 g/cm3 with the composition shown in Table XXIV. 
 
References 93 and 94 are computational studies to establish minimum critical values for various uranium 
and plutonium systems (Ref. 93) and for a number of actinides (Ref. 94) with an assortment of reflectors.  
The same reflector concrete composition, described as “usual” and “standard IRSN” (IRSN is the 
acronym for the French agency Institut de Radioprotection et de Sûreté Nucléaire), was used in both 
references and is shown in Table XXV.  References 95 and 96 are very similar computational studies 
using basic spherical systems to categorize various reflecting materials as to their effectiveness.  One of 
the two concrete compositions used in Ref. 95 is the same as that of Refs. 87, 93, and 94, while the 
second one is the same as the first with reduced water content. 
 
Reference 97 is a report of the evaluation of the experiments of Ref. 32 for inclusion in evaluation Ref. 
33.  There were sufficiently large uncertainties in the experiments involving concrete reflection that they 
were rejected as not being of benchmark quality. 
 
2010’s 
 
An independent re-evaluation of the sources and effects of uncertainties in the experiments described in 
Refs. 46, 47, and 53 is reported in Ref. 98.  The experiments involve thick concrete as a reflector as 
described above.  As noted in the conclusions of Ref. 98, “The results obtained in the analysis of 
uncertainties are in general agreement with those at HEU-SOL-THERM-002 benchmark document.”  As 
of the 2014 edition of the International Handbook of Evaluated Criticality Safety Benchmark 
Experiments, Ref. 47 has not been updated to recognize Ref. 98. 
 
Reference 99 is the last item found related to concrete and is a reasonably comprehensive paper with 
interesting results.  The stated purposes of the paper are to quantify margins associated with use of a 
recommended, supposedly bounding, concrete composition with a realistic composition and to define a 
methodology for considering a bounding composition closer to a realistic one.  The model used is 
somewhat specialized – a storage array of mixed oxide (MOX) fuel elements subject to interspersed water 
moderation within a concrete reflector.  A plan view of the arrangements is shown in Fig. 20 and fuel 
specifications are shown in Table XXVI. 
 
Several concrete compositions are introduced.  Three of them are identified as “ARH-600 Portland 
Concrete” (Ref. 40), “SCALE REG concrete” (Ref. 34), and “CRISTAL 9%” (Ref. 100); they are 
indicated to be substantially identical although the composition CRISTAL 9% does not contain iron.  A 
composition called CRISTAL 3% is created by reducing CRISTAL 9% hydrogen content evidently with 
no change in oxygen or concrete density.  A “realistic” composition is described as determined by 
chemical analysis of dry concrete.  Several compositions, CRISTAL 3% and 9%, the “realistic” one, and 
a composition identified as “MONK Concrete” are detailed in the report.  The atomic number densities of 
the two unique ones, “Realistic” and “MONK” derived from the information given are shown in Table 
XXVII. 
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Table XXIV 
Reference 92 “Concrete – (Portland)” Composition 
Element Atomic Number Density (atom/barn cm) 
H 5.5445×10-3 
C 6.9792×10-3 
O 4.3383×10-2 
Al 7.2493×10-4 
Si 7.7106×10-3 
S 8.7141×10-5 
Ca 8.9591×10-3 
Fe 2.5017×10-4 
 
 
 
Table XXV 
References 93 and 94 Concrete Composition 
Element Atom Density (atom/barn cm) 
H 1.3740×10-2 
O 4.5908×10-2 
Na 2.7780×10-3 
Al 1.7380×10-3 
Si 1.6608×10-2 
Ca 1.4988×10-3 
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Fig. 20. Reference 99 MOX Fuel Storage Arrangements 
(extract from Ref. 99) 
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Table XXVI 
Reference 99 MOX Fuel Specifications 
87.5% UO2 12.5% PuO2 
1.2% 235U 64.143% 239Pu 
98.8% 238U 23% 240Pu 
 
9.89% 241Pu 
 
2.967% 242Pu 
 
 
 
Table XXVII 
Concrete Compositions Derived from Ref. 99 
 Element 
Atomic Number 
Density 
(atom per barn cm) 
MONK Realistic 
H 5.1794E-03 7.0504E-03 
C 6.9792E-03 4.3781E-03 
N   5.0733E-06 
O 4.3488E-02 4.3704E-02 
Na   3.7092E-04 
Mg   2.3390E-04 
Al 7.2493E-04 1.2115E-03 
Si 7.7106E-03 1.1892E-02 
P   1.3765E-05 
S 8.7147E-05 4.4316E-05 
K   2.5445E-04 
Ca 8.8049E-03 6.3121E-03 
Ti   2.9683E-05 
Cr   2.7333E-06 
Mn   7.7608E-06 
Fe 2.5017E-04 2.5448E-04 
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There are several results shown in Ref. 99.  Variation of water content in the concretes examined shows 
that increasing the water content causes the neutron multiplication factor to decrease.  To examine the 
effects on keff of an elemental constituent other than hydrogen, only its atomic number density was varied, 
and the concrete mass density adjusted appropriately although it was shown that the relatively small mass 
density variation had no effect.  Increases in iron, potassium, calcium, and sodium content cause 
decreases in the neutron multiplication factor; conversely, increases in oxygen and carbon content cause 
increases in the neutron multiplication factor.  The study does note that its conclusions can only be 
applied for the configuration examined. 
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3.0 CONCRETE REFLECTION – EVOLUTION AND CURRENT STATE 
 
With the background literature survey assembled, evolution of nuclear criticality safety community 
knowledge about concrete as a neutron reflector can be discerned and summarized: 
• Initially (1950’s) and continuing until 1978 
o Three levels of reflection recognized in safety guidance documents 
 Minimal, nominally unreflected 
 Nominal, reflected by 1 in. thick water 
 Thick, reflected by 6 in. thick water 
o Concrete, graphite, and stainless steel acknowledged as typical reflectors but no specific 
information available 
o Conservative design based on thick water reflection acknowledged because of “unknown 
neutron-reflecting properties of nearby concrete walls, floors, neighboring water lines and 
process vessels, and of personnel.” (Refs. 10, 14, 17) 
• Experimental measurements involving concrete initially appeared in mid-1950’s 
o Tended to be limited in terms of moderation (H/fissile atomic ratio) (Refs. 11 through 16) 
o Tended to be somewhat specialized rather than generally applicable 
o Concrete physical characteristics reporting sketchy (density sometimes reported, 
composition not reported) 
• Experimental indication that concrete more effective than water as a reflector reported in early 
1960’s 
o Low enrichment optimum moderation for minimum mass experimental system 
quantitative results direct applicability qualified as limited but overall effectiveness 
ranking considered correct 
o Explanation of reasons for effectiveness offered (Ref. 18) 
• First experimental report with concrete composition information appeared in 1966 (Ref. 25); 
subsequent experimental reports generally reported concrete composition details 
• First computational/analytical study involving concrete appeared in 1971 (Ref. 35); report notes 
that much effort expended on evaluating effect of concrete composition 
• Early computational study of two concrete compositions as reflector and moderator in arrays 
indicates that concrete is effective as both reflector and a transmitter of neutrons 
• 1978 safety guidance document altered concrete reflection guidance (Ref. 3) 
o Acknowledged that concrete can be more effective than water 
o Recognized no system is truly unreflected by providing guidance only on 
 Contact reflection by 25 mm thick water 
 Contact reflection by 300 mm thick water 
o Provided reduction factors for adjusting concentration dependent limits for mass, volume, 
and dimensions to account for close fitting concrete reflection 
• First extensive comparison of effects of concrete composition appeared in 1990 (Ref. 75) 
o Computational comparison of eight concrete compositions to show effects compared to 
water reflection 
o Differences in slab systems of as much as about 0.14 in keff due to concrete composition 
indicated 
• Studies tended to focus on differences in concrete hydrogen content; Ref. 83 compared eight 
concrete compositions and noted that in general lower water content concrete is more effective as 
a reflector 
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• Last analytical study found (Ref. 99) examined effects of water, iron, potassium, calcium, 
sodium, oxygen, and carbon content in concrete reflector of somewhat specialized system 
o Increasing water, iron, potassium, calcium, and sodium content cause keff to decrease 
o Increasing oxygen and carbon content cause keff to increase 
 
The knowledge summary suggests that initially there was a belief that concrete was a typical reflector but 
ignorance about how effective it was.  Experiments involving concrete were performed and tended to be 
somewhat limited because they used only a few moderation conditions or were somewhat specialized 
systems that were difficult to reliably extend to other applications.  The importance of concrete 
composition does not appear to have been recognized initially.  Safety guidance was revised as 
experimental and analytical knowledge was gained and appears to have been based on effects of a few 
concrete compositions.  Subsequent studies comparing a number of concrete compositions indicate 
potentially large differences in keff caused by composition.  The latest study found indicates that interest 
in the effects of specific elements is evolving. 
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4.0 DESCRIPTION OF CURRENT WORK 
 
There have been a number of experiments and analytical studies involving concrete as a thick neutron 
reflector over the past half century, and nuclear criticality safety community sentiment about concrete 
reflection has evolved as knowledge has been accumulated.  Broadly, sentiment has progressed from 
acknowledgement that concrete is a reflector through recognition that composition is important to interest 
in the relative effects of elemental constituents.  Study of reflection effects tended to focus on hydrogen 
content, typically as water, for some time but a few recent publications have incidentally examined the 
effects of other elements.  The experiments and studies are somewhat limited in that: (1) they were done 
over a limited moderation range, often the moderation for minimum mass or volume criticality; or (2) 
they were done for specific situations such as storage of particular materials.  Analytical studies have also 
tended to use slab-like systems with little information available for concrete reflection around spherical 
and cylindrical systems. 
 
The current work examines some of the characteristics of concrete as a thick neutron reflector and 
compares it to water, the reflector material commonly used in nuclear criticality safety practice.  Results 
of the study are comprehensive: (1) it was done using essentially all the “real” concrete compositions that 
have been used in experiments or are recognized by the nuclear criticality safety community rather than 
with a limited set or with contrived compositions; (2) it provides information for the entire 
concentration/moderation range over which criticality is possible for generic fissile material/reflector 
systems; and (3) it provides information on which concrete constituents are the principal contributors to 
neutron multiplication, both positive and negative.  These results will be useful to nuclear criticality 
safety practitioners in several ways.  Some control can be exercised over concrete constituents and the 
results can be used to guide material selections during project design to minimize positive contributions to 
keff.  For existing installations, if the concrete composition is known, the results will permit some ranking 
of its effectiveness relative to water.  For technical studies, conservative conditions that maximize keff are 
generally preferred and the results will help guide constituent selections. 
 
There two areas to be examined: (a) the relative effectiveness of concrete when it replaces water as a 
reflector; and (b) the change in the keff per unit change in the atomic number density of constituent 
elements of concrete, Δ ⁄ , in units of barn·cm/atom.  The strategy to analyze these items is in 
several parts.  For each fissile material system basic geometry (infinite extent slab, infinite length 
cylinder, and sphere): (1) compute the water reflected fissile system dimension necessary for keff of unity; 
(2) replace the water reflector with thick concrete of various compositions and compute the keff ; and (3) 
for the various concrete compositions, compute the thick concrete reflected fissile system dimension for 
keff of unity and determine Δ ⁄  for each concrete constituent.  In this description, “thick reflection” 
means sufficient thickness of reflecting material such increasing the thickness results in substantially no 
change in keff ; i.e., the effects of the reflector are saturated.  The purpose of items (1) and (2) is to provide 
neutron multiplication information to permit ranking concrete compositions according to their 
effectiveness.  The purpose of item (3) is to provide information on each elemental constituent’s 
contribution to keff. 
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Materials 
 
Three principal materials were used for this study: concrete, water, and 235U metal. 
 
Concrete and Water 
 
During the literature survey, some compositional commonality was observed among the references.  The 
concrete composition study set was determined by examining the concrete compositions found during the 
literature survey and eliminating duplication.  There are 42 concrete compositions shown in various tables 
derived from the literature survey.  Comparison of the atomic number densities of the constituents 
revealed that there were a total of 16 compositions as four sets of 3 and two sets of 2 that were 
substantially identical.  Thus, 6 distinct compositions were used to remove duplicates represented by the 
16 identified compositions.  The final collection of 32 compositions formed the study set.  They were 
numbered from 1 to 32 by arranging them in ascending order by oxygen atomic number density (from 
3.5512×10-2 to 4.8623×10-2 atom/b·cm).  Oxygen was selected as the indexing element because all 
compositions contained oxygen, and it had the highest atomic number density in all cases. 
 
Table XXVIII through Table XXXI show the study set by index, mass density, literature survey table, 
reference, and atomic number density of constituents.  Table XXXII through Table XXXV show the 
study set by index and atom fraction. 
 
The maximum density of room temperature water, 0.9982 g/cm3, is taken from Ref. 34. 
 
Fissile Material 
 
The fissile material system considered was a homogeneous mixture of 235U metal and water.  The 235U 
metal/water system is synthetic but is frequently used in nuclear criticality safety practice as a material 
model that is bounding for many other systems at lower H/235U ratios and representative of many 235U 
mixture and solution systems over much of its range (Refs. 1, 2, and 3).  Criticality is possible (k∞ > 1.0) 
over the H/235U range from 0 to about 2200; beyond 2200, k∞ < 1.0. 
 
The atomic masses of the components of the system are taken from Ref. 34.  The density of natural 
enrichment uranium, 19.05 g/cm3, is also taken from Ref. 34 and is adjusted by the atomic mass ratio of 
235U to natural enrichment uranium to 18.81 g/cm3.  Uranium is insoluble in water, and the relationship 
between uranium density and H/U ratio can be readily derived to be that shown in Ref. 101: 
 
 
 = 

 +

2 
  
 (1) 
Where:  = fuel density in the mixture (g/cm3) 
 
 = atomic mass of fuel (235.0439 g for 235U) 
  = theoretical or maximum density of fuel (18.81 g/cm3 for 235U) 
 
 = molecular mass of water (18.0152 g) 
  = theoretical or maximum density of water (0.9982 g/cm3) 
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Table XXVIII 
Study Set Concrete Compositions 1 through 8 Atomic Number Densities 
 Index 1 2 3 4 5 6 7 8 
 
Density 
(g/cm3) 2.2994 1.98 2.147 2.304 2.15 2.37 2.321 2.297 
 Table - XVII V XVI XIX XVI IX XI 
 Ref. 34 
orconcrete 
78 
JAERI 
34 
mgconcrete 
75 
Dry 
Tube Vault 
82 75 
ordinary 
34 
Rocky 
Flats 
Concrete 
58, 59, 60 
a
to
m
ic
 
n
u
m
be
r 
de
n
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r 
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cm
) 
H 8.5008E-03 3.0976E-02 4.2580E-03 5.9299E-03 6.1664E-03 1.4868E-02 1.0402E-02 7.9601E-03 
Li                
B                
C 2.0199E-02 2.7093E-04 1.1338E-02 1.0869E-02   3.8140E-03 6.4239E-03 6.2190E-03 
N            1.9963E-05   
O 3.5512E-02 3.6549E-02 4.0372E-02 4.0787E-02 4.1030E-02 4.1519E-02 4.2374E-02 4.2641E-02 
Na 1.6323E-05   7.9355E-05 1.2899E-05 2.2246E-05 3.0400E-04 3.8303E-04 2.7076E-04 
Mg 1.8602E-03 4.1418E-04 5.0112E-03 2.1006E-04 4.7464E-05 5.8700E-04 7.1885E-04 8.7646E-04 
Al 5.5581E-04 1.1928E-03 3.7660E-04 3.2163E-04 3.5553E-04 7.3500E-04 1.1241E-03 1.1330E-03 
Si 1.7000E-03 3.4729E-03 1.9382E-03 9.6143E-04 1.6657E-02 6.0370E-03 7.7139E-03 8.3729E-03 
P                
S  2.3827E-04 1.0012E-04 6.0281E-05 1.3194E-04   8.2823E-05 5.6073E-05 
Cl    1.9074E-05           
K 4.0304E-05   3.1234E-04 8.2232E-06 6.7886E-05   4.8977E-04 2.7596E-04 
Ca 1.1101E-02 1.0185E-02 7.3012E-03 1.3665E-02 3.4908E-03 1.1588E-02 8.0214E-03 7.5000E-03 
Ti    4.0193E-05   1.0600E-05   2.9201E-05   
V                
Cr        9.4624E-07       
Mn    1.2050E-05   3.5351E-06       
Fe 1.9301E-04 3.1360E-04 1.2954E-04 8.3678E-05 9.7372E-05 1.9680E-04 2.5279E-04 2.1301E-04 
Ni                
Zn                
Rb                
Sr                
Zr                
Cd                
Ba                
Ta                
total 7.9678E-02 8.3613E-02 7.1288E-02 7.2909E-02 6.8082E-02 7.9649E-02 7.8036E-02 7.5518E-02 
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Table XXIX 
Study Set Concrete Compositions 9 through 16 Atomic Number Densities 
 Index 9 10 11 12 13 14 15 16 
 
Density 
(g/cm3) 2.32 2.32 2.34 2.25 2.35 2.36 2.35 2.368 
 Table XIV XIV XIV XXI XXVII XXVII XXI XI 
 Ref. 69 Upper 
69 
Lower 92 
83 
LA 
99 
MONK 
99 
Realistic 
83 
NBS 
58 
 filler 
piece 6 
a
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) 
H 1.0370E-02 1.0395E-02 5.5445E-03 6.0899E-03 5.1794E-03 7.0504E-03 7.8630E-03 1.1319E-02 
Li                 
B                 
C 6.4419E-03 6.4556E-03 6.9792E-03   6.9792E-03 4.3781E-03     
N 9.9703E-05 9.9941E-05       5.0733E-06     
O 4.2936E-02 4.3038E-02 4.3383E-02 4.3412E-02 4.3488E-02 4.3704E-02 4.3837E-02 4.4120E-02 
Na 2.5464E-04 2.5525E-04   8.9998E-04   3.7092E-04 1.0526E-03 9.9246E-04 
Mg 8.4837E-04 8.5040E-04       2.3390E-04 1.3974E-04 8.8009E-04 
Al 1.0640E-03 1.0666E-03 7.2493E-04 1.7853E-03 7.2493E-04 1.2115E-03 2.3917E-03 3.0126E-03 
Si 7.7906E-03 7.8092E-03 7.7106E-03 1.7385E-02 7.7106E-03 1.1892E-02 1.5797E-02 1.4826E-02 
P 9.0892E-08 1.8076E-08       1.3765E-05     
S 7.3891E-04 7.4058E-04 8.7141E-05   8.7147E-05 4.4316E-05 5.2954E-05   
Cl                 
K 2.6730E-04 2.6794E-04       2.5445E-04 6.9496E-04   
Ca 7.9802E-03 7.9993E-03 8.9591E-03 1.9578E-03 8.8049E-03 6.3121E-03 2.9167E-03 2.3128E-03 
Ti 1.4557E-05 1.4591E-05       2.9683E-05     
V                 
Cr           2.7333E-06     
Mn 1.9217E-06 3.8217E-07       7.7608E-06     
Fe 4.5420E-04 2.5472E-04 2.5017E-04 3.3433E-04 2.5017E-04 2.5448E-04 3.0915E-04 1.2257E-03 
Ni                 
Zn                 
Rb                 
Sr                 
Zr                 
Cd                 
Ba                 
Ta                 
total 7.9262E-02 7.9248E-02 7.3639E-02 7.1864E-02 7.3224E-02 7.5765E-02 7.5055E-02 7.8689E-02 
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Table XXX 
Study Set Concrete Compositions 17 through 24 Atomic Number Densities 
 Index 17 18 19 20 21 22 23 24 
 
Density 
(g/cm3) 2.413 2.29 2.321 2.35 2.29 2.35 2.33 2.304 
 Table XVI XII XXIII III, VIII XIIII XXI XV XXIII 
 Ref. 
75 
Wet 
Tube 
Vault 
67 91 27 68 83 Han 74 90 
a
to
m
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n
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H 1.3207E-02 1.4354E-02 1.4528E-02 1.7376E-02 1.4544E-02 1.7270E-02 1.4617E-02 1.6908E-02 
Li                 
B                 
C 1.0869E-02       8.1181E-06       
N                 
O 4.4426E-02 4.4452E-02 4.4590E-02 4.5294E-02 4.5295E-02 4.5376E-02 4.5525E-02 4.5713E-02 
Na 1.2899E-05   1.0533E-03 1.1416E-04 5.7811E-05 1.2311E-04 8.7278E-04 8.4727E-04 
Mg 2.1006E-04 4.4567E-04 1.9573E-04 7.6195E-04 2.5732E-04 7.5694E-04 5.3112E-04 4.9008E-04 
Al 3.2163E-04 2.9742E-03 1.5533E-03 3.3533E-03 3.0579E-03 3.3568E-03 2.4910E-03 1.5864E-03 
Si 9.6143E-04 1.4394E-02 1.4749E-02 1.2931E-02 1.4836E-02 1.2900E-02 1.1541E-02 1.5305E-02 
P                 
S 6.0281E-05   1.0906E-04   6.7855E-05   1.6628E-04 9.1007E-05 
Cl     9.0027E-07         1.5797E-06 
K 8.2232E-06 1.6765E-04 1.9179E-04 4.3569E-04 1.0740E-04 4.3435E-04 2.5839E-04 5.4725E-04 
Ca 1.3665E-02 2.1636E-03 3.9337E-03 2.6095E-03 2.0894E-03 2.6130E-03 4.2012E-03 2.2133E-03 
Ti   1.1835E-04     8.5175E-05   9.6702E-05   
V         3.5304E-06       
Cr                 
Mn   2.3217E-05   2.7673E-05 9.3431E-06       
Fe 8.3678E-05 6.1087E-04 2.7830E-04 1.3417E-03 6.2177E-04 1.3400E-03 8.4670E-04 3.9747E-04 
Ni         3.0643E-07       
Zn         1.3752E-07       
Rb         6.3564E-07       
Sr         4.1051E-06       
Zr         1.9714E-07       
Cd                 
Ba         9.3137E-06       
Ta   7.0489E-06     5.2937E-06       
total 8.3825E-02 7.9711E-02 8.1183E-02 8.4245E-02 8.1061E-02 8.4170E-02 8.1147E-02 8.4100E-02 
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Table XXXI 
Study Set Concrete Compositions 25 through 32 Atomic Number Densities 
 Index 25 26 27 28 29 30 31 32 
 
Density 
(g/cm3) 2.3 2.302 2.3 2.403 2.37 2.416 2.37 2.35 
 Table XXII VIII XVI XVI IV XII IV XI 
 Ref. 87 44 02-a 
34, 75 
reg-concrete 
75 
X-10 
Tube 
Vault 
30, 31 
Concrete A 64 
30, 31 
Concrete B 
58 
Filler 
pieces 
a
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H 1.3740E-02 1.3740E-02 1.3743E-02 9.4620E-03 1.2327E-02 1.1837E-02 1.3750E-02 1.2356E-02 
Li         2.0575E-06       
B         1.1096E-05       
C   1.1500E-04   1.0517E-02 3.4482E-04   3.0325E-04 6.1858E-03 
N               2.5259E-04 
O 4.5900E-02 4.5930E-02 4.6069E-02 4.6078E-02 4.6148E-02 4.7524E-02 4.8023E-02 4.8623E-02 
Na 2.7780E-03 9.6400E-04 1.7472E-03 1.2831E-05 4.3484E-05 1.0759E-04   3.1394E-04 
Mg   1.2400E-04   5.0950E-03 8.2262E-05 8.6800E-04   8.3846E-04 
Al 1.7380E-03 1.7400E-03 1.7454E-03 4.1696E-04 8.3100E-04 1.2510E-03   1.3218E-03 
Si 1.6608E-02 1.6620E-02 1.6620E-02 2.6750E-03 1.6475E-02 1.7966E-02 1.7622E-02 8.3242E-03 
P                 
S       9.6151E-05 9.3517E-05     9.2669E-05 
Cl                 
K   4.6100E-04   1.2780E-05 3.6527E-05 2.7909E-04 8.0892E-05 1.9184E-04 
Ca 1.4990E-03 1.5000E-03 1.5206E-03 8.7644E-03 4.2190E-03 2.6392E-03 2.9420E-03 5.5862E-03 
Ti                 
V                 
Cr                 
Mn         4.6792E-06       
Fe   3.4500E-04 3.4723E-04 1.3978E-04 1.8156E-04 7.2946E-05 4.5495E-04 2.7875E-04 
Ni                 
Zn       1.1178E-05         
Rb                 
Sr                 
Zr                 
Cd         1.2705E-06       
Ba                 
Ta                 
Total 8.2263E-02 8.1539E-02 8.1792E-02 8.3281E-02 8.0801E-02 8.2545E-02 8.3176E-02 8.4365E-02 
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Table XXXII 
Study Set Concrete Compositions 1 through 8 Atom Fractions 
 Index 1 2 3 4 5 6 7 8 
a
to
m
 
fr
a
ct
io
n
s 
by
 
el
em
en
t 
H 0.1067 0.3705 0.0597 0.0813 0.0906 0.1867 0.1333 0.1054 
Li                 
B                 
C 0.2535 0.0032 0.1590 0.1491   0.0479 0.0823 0.0824 
N             0.0003   
O 0.4457 0.4371 0.5663 0.5594 0.6027 0.5213 0.5430 0.5646 
Na 0.0002   0.0011 0.0002 0.0003 0.0038 0.0049 0.0036 
Mg 0.0233 0.0050 0.0703 0.0029 0.0007 0.0074 0.0092 0.0116 
Al 0.0070 0.0143 0.0053 0.0044 0.0052 0.0092 0.0144 0.0150 
Si 0.0213 0.0415 0.0272 0.0132 0.2447 0.0758 0.0989 0.1109 
P                 
S   0.0028 0.0014 0.0008 0.0019   0.0011 0.0007 
Cl     0.0003           
K 0.0005   0.0044 0.0001 0.0010   0.0063 0.0037 
Ca 0.1393 0.1218 0.1024 0.1874 0.0513 0.1455 0.1028 0.0993 
Ti     0.0006   0.0002   0.0004   
V                 
Cr         0.0000       
Mn     0.0002   0.0001       
Fe 0.0024 0.0038 0.0018 0.0011 0.0014 0.0025 0.0032 0.0028 
Ni                 
Zn                 
Rb                 
Sr                 
Zr                 
Cd                 
Ba                 
Ta                 
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Table XXXIII 
Study Set Concrete Compositions 9 through 16 Atom Fractions 
 Index 9 10 11 12 13 14 15 16 
a
to
m
 
fr
a
ct
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n
s 
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t 
H 0.1308 0.1312 0.0753 0.0847 0.0707 0.0931 0.1048 0.1438 
Li                 
B                 
C 0.0813 0.0815 0.0948   0.0953 0.0578     
N 0.0013 0.0013       0.0001     
O 0.5417 0.5431 0.5891 0.6041 0.5939 0.5768 0.5841 0.5607 
Na 0.0032 0.0032   0.0125   0.0049 0.0140 0.0126 
Mg 0.0107 0.0107       0.0031 0.0019 0.0112 
Al 0.0134 0.0135 0.0098 0.0248 0.0099 0.0160 0.0319 0.0383 
Si 0.0983 0.0985 0.1047 0.2419 0.1053 0.1570 0.2105 0.1884 
P 0.0000 0.0000       0.0002     
S 0.0093 0.0093 0.0012   0.0012 0.0006 0.0007   
Cl                 
K 0.0034 0.0034       0.0034 0.0093   
Ca 0.1007 0.1009 0.1217 0.0272 0.1202 0.0833 0.0389 0.0294 
Ti 0.0002 0.0002       0.0004     
V                 
Cr           0.0000     
Mn 0.0000 0.0000       0.0001     
Fe 0.0057 0.0032 0.0034 0.0047 0.0034 0.0034 0.0041 0.0156 
Ni                 
Zn                 
Rb                 
Sr                 
Zr                 
Cd                 
Ba                 
Ta                 
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Table XXXIV 
Study Set Concrete Compositions 17 through 24 Atom Fractions 
 Index 17 18 19 20 21 22 23 24 
a
to
m
 
fr
a
ct
io
n
s 
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t 
H 0.1576 0.1801 0.1790 0.2063 0.1794 0.2052 0.1801 0.2010 
Li                 
B                 
C 0.1297       0.0001       
N                 
O 0.5300 0.5577 0.5493 0.5376 0.5588 0.5391 0.5610 0.5436 
Na 0.0002   0.0130 0.0014 0.0007 0.0015 0.0108 0.0101 
Mg 0.0025 0.0056 0.0024 0.0090 0.0032 0.0090 0.0065 0.0058 
Al 0.0038 0.0373 0.0191 0.0398 0.0377 0.0399 0.0307 0.0189 
Si 0.0115 0.1806 0.1817 0.1535 0.1830 0.1533 0.1422 0.1820 
P                 
S 0.0007   0.0013   0.0008   0.0020 0.0011 
Cl     0.0000         0.0000 
K 0.0001 0.0021 0.0024 0.0052 0.0013 0.0052 0.0032 0.0065 
Ca 0.1630 0.0271 0.0485 0.0310 0.0258 0.0310 0.0518 0.0263 
Ti   0.0015     0.0011   0.0012   
V         0.0000       
Cr                 
Mn   0.0003   0.0003 0.0001       
Fe 0.0010 0.0077 0.0034 0.0159 0.0077 0.0159 0.0104 0.0047 
Ni         0.0000       
Zn         0.0000       
Rb         0.0000       
Sr         0.0001       
Zr         0.0000       
Cd                 
Ba         0.0001       
Ta   0.0001     0.0001       
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Table XXXV 
Study Set Concrete Compositions 25 through 32 Atom Fractions 
 Index 25 26 27 28 29 30 31 32 
a
to
m
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n
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H 0.1670 0.1685 0.1680 0.1136 0.1526 0.1434 0.1653 0.1465 
Li         0.0000       
B         0.0001       
C   0.0014   0.1263 0.0043   0.0036 0.0733 
N               0.0030 
O 0.5580 0.5633 0.5632 0.5533 0.5711 0.5757 0.5774 0.5763 
Na 0.0338 0.0118 0.0214 0.0002 0.0005 0.0013   0.0037 
Mg   0.0015   0.0612 0.0010 0.0105   0.0099 
Al 0.0211 0.0213 0.0213 0.0050 0.0103 0.0152   0.0157 
Si 0.2019 0.2038 0.2032 0.0321 0.2039 0.2177 0.2119 0.0987 
P                 
S       0.0012 0.0012     0.0011 
Cl                 
K   0.0057   0.0002 0.0005 0.0034 0.0010 0.0023 
Ca 0.0182 0.0184 0.0186 0.1052 0.0522 0.0320 0.0354 0.0662 
Ti                 
V                 
Cr                 
Mn         0.0001       
Fe   0.0042 0.0042 0.0017 0.0022 0.0009 0.0055 0.0033 
Ni                 
Zn       0.0001         
Rb                 
Sr                 
Zr                 
Cd         0.0000       
Ba                 
Ta                 
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Inserting the values shown gives: 
 
 
 = 235.043912.4957 + 9.0238  
 (2) 
 
Equation 2 is plotted in Fig. 21 and the specific uranium concentrations and corresponding H/U ratios at 
which computations were performed are shown in Table XXXVI.  The uranium concentrations shown in 
Table XXXVI were chosen for several reasons: (1) 18.81 g U/cm3 is the full density of 235U metal which 
is the maximum density extreme of the curve; (2) 0.510 g U/cm3 is the approximate density for minimum 
volume criticality in solution systems; (3) 0.050 g U/ cm3 is the approximate density for minimum mass 
criticality; (4) 0.020 g U/cm3 is not far above the minimum critical concentration of about 12 g U/cm3 and 
should result in systems of large but reasonable size; and (5) results are usually plotted using a 
logarithmic concentration scale, and the concentration values intermediate to those mentioned should 
provide curves with reasonably complete coverage. 
 
Computer Codes 
 
The SCALE6.1 system is described in reference 34 and comprises a suite of codes for performing a 
variety of nuclear analyses.  The principal code used for this work was XSDRNPM, a one-dimensional 
discrete ordinates code.  To execute XSDRNPM, SCALE6.1 uses Criticality Safety Analytical Sequences 
(CSASs) to prepare problem dependent neutron cross section sets.  Two CSAS sequences were used: 
CSAS1 and TSUNAMI-1D. 
 
For neutron cross section processing, CSAS1 causes execution of the CRAWDAD, BONAMI, 
WORKER, CENTRM, and PMC neutron cross-section processing codes to prepare multigroup problem 
dependent cross sections.  The CRAWDAD code reads nuclear data from the SCALE-6 general pointwise 
library files and writes it in the particular format needed for the discretized energy solution in the 
CENTRM code.  The BONAMI code performs resonance self-shielding calculations in the unresolved 
resonance region for nuclides that contain Bondarenko information in their cross-section data.  The 
WORKER code is used to read cross section libraries formatted as AMPX master libraries or as AMPX 
working libraries and ultimately produces a new library in the AMPX working library format.  The 
CENTRM code computes continuous energy neutron spectra using various deterministic approximations 
to the Boltzmann Transport Equation in one-dimensional or infinite media geometry.  The purpose is to 
provide accurate angular fluxes and flux moments for applications that require a high-resolution 
description of the fine-structure variation in the neutron energy spectrum.  One of the major functions of 
CENTRM is to determine problem-specific fluxes for processing resonance-shielded multigroup data.  
The PMC code generates multigroup cross sections by utilizing the continuous-energy neutron spectra 
calculated in CENTRM to weight microscopic nuclear data contained in a pointwise library file.  The 
function of the code is to produce problem-dependent, self-shielded multigroup data using a weighting 
function that represents the fine-structure variation in the neutron energy spectrum for a one-dimensional 
model of the system of interest. 
 
The TSUNAMI-1D sequence also executes the CRAWDAD, WORKER, CENTRM, and PMC neutron 
cross-section processing codes to prepare multigroup problem dependent cross sections.  Rather than 
BONAMI, a version named BONAMIST is used to provide information for implicit sensitivity  
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Fig. 21. Uranium Density as a Function of H/235U Ratio for Homogeneous Metal/Water Mixture 
 
 
Table XXXVI 
235U Metal/Water System Uranium Density and H/U Ratios 
Uranium 
Density 
(g U/cm3) 
H/U 
ratio  
18.81 0 
10.0 1.22 
4.90 3.931 
2.30 9.939 
1.00 24.66 
0.510 49.68 
0.200 128.8 
0.050 219.5 
0.020 1301 
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coefficient computation by providing the sensitivities of resonance self-shielded cross sections generated 
by BONAMIST to the quantities input to BONAMIST.  Both CSAS1 and TSUNAMI-1D execute the 
XSDRNPM code, which is a one dimensional discrete ordinates code.  It was used in this work to either 
compute the neutron multiplication factor, keff, for a specified system or the dimensions of a system 
necessary for a specified value of keff.  XSDRNPM can perform either forward or adjoint deterministic 
solutions to the Boltzmann Transport Equation using the Sn method.  XSDRNPM is the final code 
executed in the CSAS1 sequence. 
 
The final code executed in the TSUNAMI-1D sequence is named SAMS5.  SAMS5 uses data from 
forward and adjoint neutron transport computations from XSDRN and sensitivity of resonance self-
shielded cross-section data to input data from BONAMIST to compute explicit, implicit, and total 
sensitivity coefficients for each constituent in specified fissile material/reflector arrangements.  Output 
from TSUNAMI-1D includes the sensitivity coefficient for each nuclide in each material zone of the 
problem. 
 
Neutron Cross Sections 
 
Several neutron cross section sets are available in SCALE6.1 and the latest are based on Evaluated 
Nuclear Data File (ENDF) B-VII, Release 0, commonly referred to as ENDF/B-VII.0, as described in 
Ref. 102.  The 238 neutron energy group cross section set is referred to as v7-238 and was used for 
computations.  One consequence of using these cross sections is that for a multi-isotope element the input 
must be specified for each isotope; e.g., calcium is a common elemental constituent of concrete and has 
six isotopes so the material input for calcium must be specified for each isotope.    
 
In the concrete study set, there are a total of 28 elements.  These elements represent a total of 91 isotopes 
as shown in Table XXXVII.  Assumptions were made for four elements: all hydrogen was taken to be 1H; 
all nitrogen was taken to be 14N; all oxygen was taken to be 16O; and all tantalum was taken to be 181Ta 
because cross sections for 180Ta were not available.  These are reasonable approximations because the 
isotopes selected are >99.6 atom % of their elements.  Carbon was available as a single element of mixed 
isotopes and was used that way. 
 
Physics Models 
 
Three basic one-dimensional physics models were used: infinite extent slab; infinite length cylinder; and 
sphere.  Each geometry was fully reflected with either water or concrete.  The default mesh provided by 
the code was used; it is logarithmically symmetric about the midpoint of each material zone.  The order of 
angular segmentation specified was 32 (S32), an overall convergence criterion of 1×10-6, and a point flux 
convergence criterion of 1×10-8 was specified for each case. 
 
Reflector Thickness 
 
Water was used as the reference reflecting material because it is frequently considered in nuclear 
criticality safety practice.  Criticality data compilations and safety guides (Refs. 1, 2, 3, 9, 10, 14, 17, 103) 
typically indicate that water reflection either 1 ft or 30 cm thick is adequate to simulate a reflector of 
infinite thickness.  For the selected uranium concentration/ moderation points, the characteristic 
dimension of each geometry needed for keff = 1.0 when reflected by 30 cm thick water was computed. 
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Table XXXVII 
Isotopes Represented in Concrete Compositions 
Element A Abundance (atom %) Element A 
Abundance 
(atom %) Element A 
Abundance 
(atom %) 
H 1 99.9885 Ca 40 96.941 Rb 85 72.17 
2 0.0115 42 0.647 87 27.83 
Li 6 7.59 43 0.135 Sr 84 0.56 
7 92.41 44 2.086 86 9.86 
B 10 19.9 46 0.004 87 7.0 
11 80.1 48 0.187 88 82.58 
C 12 98.93 Ti 46 8.25 Zr 90 51.45 
13 1.07 47 7.44 91 11.22 
N 14 99.636 48 73.72 92 17.15 
15 0.364 49 5.41 94 17.38 
O 16 99.757 50 5.18 96 2.8 
17 0.038 V 50 0.25 Cd 106 1.25 
18 0.205 51 99.75 108 0.89 
Na 23 100 Cr 50 4.345 110 12.49 
Mg 24 78.99 52 83.789 111 12.8 
25 10 53 9.501 112 24.13 
26 11.01 54 2.365 113 12.22 
Al 27 100 Mn 55 100 114 28.73 
Si 28 92.223 Fe 54 5.845 116 7.49 
29 4.685 56 91.754 Ba 130 0.106 
30 3.092 57 2.119 132 0.101 
P 31 100 58 0.282 134 2.417 
S 32 94.99 Ni 58 68.077 135 6.592 
33 0.75 60 26.223 136 7.854 
34 4.25 61 1.1399 137 11.232 
36 0.01 62 3.6346 138 71.698 
Cl 35 75.76 64 0.9255 Ta 80 0.012 
37 24.24 Zn 64 48.268 81 99.988 
K 39 93.2581 66 27.975 
 
    
40 0.0117 67 4.102 
   
41 6.7302 68 19.024 
   
 
  
 
70 0.631 
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The results are shown in Table XXXVIII.  Table XXXVIII also shows, at the fissile material/reflector 
boundary, the fraction of neutrons returning from the reflector (indicated by a minus sign), the fraction of 
neutrons exiting the fissile material, and the net leakage fraction.  To confirm that 30 cm water was 
sufficiently thick, water thickness was reduced to 22.5 cm and to 15 cm with the keff results shown in 
Table XXXIX.  Comparing 30 cm and 15 cm thick reflection results shows that the largest keff difference 
is 0.0009 for the full density metal slab system.  Similar comparison for 30 cm and 22.5 cm thick 
reflection results shows the largest keff difference is 0.0002 for the full density metal spherical system.  
These results are adequate evidence that 30 cm thick water reflection is sufficient because they indicate 
that reducing the water reflection thickness by 50% reduces keff by no more than 0.0009 and that reducing 
water reflection thickness by 25% reduces keff by no more than 0.0002. 
 
Based on observations made during the literature survey (see Fig. 17) a concrete reflector thickness of 
45.72 cm is indicated as sufficient to saturate concrete reflection and a thickness of 60.96 cm was selected 
to provide some margin.  To confirm that 60.96 cm thick concrete was sufficiently thick, the 
characteristic dimensions for keff = 1.0 for each concrete composition, fissile system, and geometry were 
computed with results shown in Table XL for slab systems, Table XLI for cylindrical systems, and Table 
XLII for spherical systems.  Using these characteristic dimensions, keff was computed for 25% reduction 
in reflector thickness to 45.72 cm and for 50% increase to 91.44 cm.  Comparison of the difference in keff 
between 45.72 cm thick and 60.96 cm thick reflection and between 60.96 cm thick and 91.44 cm thick 
reflection provides some indication of saturation as a reflector.  Some small fluctuation in keff is expected 
and is considered reasonable.  For each basic geometry, there are 288 results for the 32 concrete 
compositions and 9 fissile systems considered. 
 
The results for slab systems are shown in Table XLIII and Table XLIV.  The distribution of differences in 
keff between systems with the indicated reflector thicknesses is shown in Fig. 22 and Fig. 23.  For reflector 
thicknesses of 45.72 cm and 60.96 cm, the differences range from 0.0000 to 0.0051 and have a span of 
0.0051.  For reflector thicknesses of 60.96 cm and 91.44 cm, the differences range from -0.0002 to 0.0006 
and have a span of 0.0008.  The span is much smaller than the span for the 45.72 cm and 60.96 cm 
thickness differences and over 80% of the results exhibit no difference.  These results indicate that 60.96 
cm thick concrete reflection is discernibly more effective than 45.72 cm thick concrete and that 60.96 cm 
is adequate to simulate infinite thickness reflection for the concrete compositions considered. 
 
The results for cylindrical systems are shown in Table XLV and Table XLVI.  The distribution of 
differences in keff between systems with the indicated reflector thicknesses is shown in Fig. 24 and Fig. 
25.  For reflector thicknesses of 45.72 cm and 60.96 cm, the differences range from -0.0003 to 0.0017 and 
have a span of 0.0020.  For reflector thicknesses of 60.96 cm and 91.44 cm, the differences range 
from -0.0003 to 0.0002 and have a span of 0.0005.  The span is much smaller than the span for the 45.72 
cm and 60.96 cm thickness differences and over 95% of the results range from -0.0002 to 0.0002.  These 
results indicate that 60.96 cm thick concrete reflection is slightly more effective that 45.72 cm thick 
concrete and that 60.96 cm is adequate to simulate infinite thickness reflection for the concrete 
compositions considered. 
 
The results for spherical systems are shown in Table XLVII and Table XLVIII.  The distribution of 
differences in keff between systems with the indicated reflector thicknesses is shown in Fig. 26 and Fig. 
27.  For reflector thicknesses of 45.72 cm and 60.96 cm, the differences range from -0.0001 to 0.0049 and 
have a span of 0.0050.  For reflector thicknesses of 60.96 cm and 91.44 cm, the differences range  
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Table XXXVIII 
Characteristic Dimensions for keff = 1.0 of Systems Reflected by 30 cm Water 
U Conc. 
(g U/cm3) 
Characteristic Dimensions (cm) and Leakage Fractions 
Slab Cylinder Sphere 
Half 
thickness 
Leakage Fractions 
Radius 
Leakage Fractions 
Radius 
Leakage Fractions 
returning exiting net returning exiting net returning exiting net 
18.81 0.7921 -0.3032 0.8203 0.5171 3.808 -0.1685 0.7115 0.5429 6.474 -0.1298 0.6799 0.5500 
10.0 1.214 -0.2682 0.7654 0.4971 4.930 -0.1538 0.6570 0.5032 8.173 -0.1225 0.6268 0.5043 
4.30 1.655 -0.2369 0.7164 0.4794 5.921 -0.1400 0.6125 0.4724 9.649 -0.1138 0.5840 0.4702 
2.30 1.965 -0.2128 0.6879 0.4752 6.486 -0.1288 0.5939 0.4651 10.46 -0.1056 0.5676 0.4619 
1.00 2.170 -0.1923 0.6740 0.4817 6.705 -0.1197 0.5937 0.4741 10.71 -0.0995 0.5715 0.4719 
0.510 2.361 -0.1764 0.6616 0.4852 6.879 -0.1143 0.5948 0.4805 10.89 -0.0959 0.5749 0.4790 
0.200 2.853 -0.1482 0.6238 0.4755 7.483 -0.0981 0.5718 0.4737 11.61 -0.0821 0.5551 0.4730 
0.050 5.018 -0.0688 0.4570 0.3882 10.64 -0.0457 0.4336 0.3879 15.66 -0.0373 0.4250 0.3877 
0.020 11.36 -0.0114 0.2146 0.2032 20.42 -0.0067 0.2091 0.2024 28.47 -0.0049 0.2072 0.2023 
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Table XXXIX 
keff for Various Water Reflector Thicknesses 
Uranium 
Density 
(g U/cm3) 
keff for Water Reflector Thickness of 
30 cm 22.5 cm 15 cm 30 cm 22.5 cm 15 cm 30 cm 22.5 cm 15 cm 
slab cylinder sphere 
18.81 1.0000 0.9999 0.9991 1.0000 0.9999 0.9999 1.0001 1.0003 1.0000 
10.0 1.0010 1.0010 1.0002 0.9999 0.9997 0.9999 1.0000 1.0001 0.9997 
4.90 1.0008 1.0008 1.0001 0.9999 0.9999 0.9999 1.0000 1.0001 0.9997 
2.30 1.0004 1.0004 0.9998 1.0001 1.0002 1.0000 1.0000 1.0000 0.9996 
1.00 1.0000 1.0000 0.9994 0.9998 0.9999 0.9997 1.0001 1.0001 0.9996 
0.510 1.0000 0.9999 0.9994 1.0001 1.0001 0.9999 1.0000 1.0000 0.9996 
0.200 1.0000 1.0000 0.9996 1.0003 1.0003 1.0001 1.0000 1.0000 0.9997 
0.050 1.0000 1.0000 0.9997 1.0001 1.0001 1.0000 1.0000 1.0000 0.9998 
0.020 0.9990 0.9989 0.9989 1.0001 1.0001 1.0000 0.9999 0.9999 0.9999 
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Table XL 
keff = 1.0 Half-Thickness for Concrete Reflected Slab Systems 
U Conc. Half-Thickness (cm) for Concrete Index 
(g U/cm3) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
18.81 0.2983 0.6089 0.2521 0.3164 0.2601 0.4201 0.3568 0.3057 0.3618 0.3508 0.2780 0.2493 0.2716 0.2978 0.3126 0.3572 
10.0 0.4543 0.9352 0.3827 0.4790 0.4001 0.6436 0.5457 0.4674 0.5531 0.5366 0.4233 0.3832 0.4133 0.4554 0.4798 0.5488 
4.90 0.6424 1.300 0.5436 0.6732 0.5746 0.9060 0.7721 0.6641 0.7819 0.7596 0.6005 0.5517 0.5865 0.6482 0.6855 0.7811 
2.30 0.8174 1.584 0.6996 0.8504 0.7454 1.133 0.9771 0.8484 0.9885 0.9622 0.7686 0.7195 0.7516 0.8308 0.8808 0.9944 
1.00 0.9958 1.803 0.8672 1.027 0.9271 1.339 1.174 1.035 1.186 1.158 0.9436 0.9009 0.9246 1.017 1.078 1.200 
0.510 1.181 2.007 1.044 1.210 1.115 1.540 1.372 1.226 1.384 1.355 1.126 1.089 1.105 1.209 1.277 1.405 
0.200 1.617 2.501 1.459 1.641 1.550 2.014 1.832 1.670 1.845 1.813 1.552 1.523 1.528 1.652 1.733 1.875 
0.050 3.441 4.604 3.192 3.452 3.349 3.990 3.746 3.517 3.760 3.720 3.332 3.313 3.295 3.488 3.612 3.815 
0.020 9.221 10.85 8.800 9.205 9.071 10.01 9.684 9.336 9.703 9.646 9.023 9.017 8.962 9.283 9.482 9.799 
  
Half-Thickness (cm) for Concrete Index 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
18.81 0.3772 0.3940 0.3648 0.4430 0.3797 0.4347 0.4098 0.3880 0.3104 0.3424 0.3244 0.2670 0.5264 0.2929 0.3281 0.3222 
10.0 0.5755 0.6077 0.5618 0.6818 0.5859 0.6693 0.6293 0.5982 0.4788 0.5280 0.5003 0.4087 0.8096 0.4528 0.5065 0.4943 
4.90 0.8091 0.8643 0.7996 0.9636 0.8344 0.9468 0.8907 0.8503 0.6864 0.7541 0.7158 0.5827 1.1421 0.6505 0.7236 0.7027 
2.30 1.015 1.093 1.016 1.208 1.058 1.188 1.122 1.076 0.8836 0.9630 0.9178 0.7497 1.4263 0.8395 0.9247 0.8956 
1.00 1.208 1.304 1.222 1.425 1.267 1.404 1.334 1.286 1.083 1.167 1.119 0.9260 1.669 1.033 1.123 1.087 
0.510 1.402 1.510 1.426 1.635 1.472 1.613 1.541 1.493 1.285 1.371 1.321 1.111 1.893 1.231 1.323 1.282 
0.200 1.860 1.986 1.899 2.121 1.946 2.098 2.021 1.972 1.750 1.840 1.787 1.543 2.401 1.686 1.786 1.737 
0.050 3.781 3.960 3.855 4.140 3.911 4.111 4.009 3.955 3.666 3.780 3.713 3.348 4.473 3.567 3.703 3.629 
0.020 9.741 9.984 9.871 10.23 9.920 10.19 10.05 9.988 9.609 9.765 9.674 9.093 10.63 9.445 9.650 9.532 
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Table XLI 
keff = 1.0 Radii for Concrete Reflected Cylindrical Systems 
U Conc. Radius (cm) for concrete Index Concrete Index 
(g U/cm3) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
18.81 3.301 3.696 3.296 3.402 3.414 3.487 3.408 3.365 3.397 3.387 3.342 3.341 3.336 3.350 3.385 3.401 
10.0 4.224 4.787 4.212 4.360 4.390 4.497 4.383 4.321 4.371 4.357 4.284 4.287 4.275 4.302 4.355 4.380 
4.90 5.042 5.750 5.028 5.208 5.253 5.390 5.250 5.169 5.237 5.218 5.120 5.127 5.108 5.148 5.219 5.253 
2.30 5.540 6.316 5.529 5.723 5.784 5.930 5.780 5.689 5.766 5.744 5.631 5.649 5.618 5.670 5.755 5.790 
1.00 5.789 6.561 5.783 5.974 6.049 6.187 6.041 5.949 6.028 6.005 5.888 5.917 5.874 5.933 6.027 6.060 
0.510 6.001 6.754 5.998 6.184 6.265 6.396 6.256 6.165 6.244 6.221 6.102 6.138 6.088 6.152 6.249 6.280 
0.200 6.611 7.364 6.606 6.788 6.877 7.011 6.874 6.779 6.862 6.839 6.710 6.754 6.695 6.768 6.872 6.905 
0.050 9.539 10.45 9.500 9.706 9.791 10.01 9.849 9.719 9.840 9.811 9.617 9.672 9.597 9.706 9.833 9.901 
0.020 18.70 20.04 18.54 18.84 18.89 19.39 19.13 18.90 19.13 19.08 18.71 18.77 18.67 18.87 19.05 19.22 
  
Radius (cm) for concrete Index Concrete Index 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
18.81 3.384 3.448 3.407 3.460 3.420 3.452 3.448 3.408 3.330 3.374 3.350 3.219 3.568 3.300 3.344 3.303 
10.0 4.350 4.453 4.391 4.471 4.414 4.461 4.448 4.395 4.277 4.346 4.308 4.120 4.636 4.246 4.307 4.242 
4.90 5.204 5.346 5.263 5.372 5.297 5.358 5.338 5.272 5.119 5.208 5.159 4.919 5.596 5.085 5.159 5.075 
2.30 5.721 5.892 5.797 5.921 5.838 5.905 5.883 5.808 5.638 5.738 5.682 5.409 6.190 5.602 5.680 5.585 
1.00 5.971 6.159 6.061 6.187 6.103 6.170 6.149 6.071 5.903 6.003 5.946 5.660 6.481 5.866 5.941 5.842 
0.510 6.180 6.375 6.277 6.403 6.320 6.386 6.366 6.287 6.122 6.221 6.165 5.876 6.708 6.085 6.157 6.058 
0.200 6.794 6.996 6.899 7.030 6.942 7.013 6.991 6.912 6.746 6.844 6.788 6.488 7.349 6.705 6.776 6.677 
0.050 9.771 10.00 9.898 10.07 9.945 10.05 10.01 9.931 9.727 9.836 9.773 9.410 10.43 9.664 9.753 9.645 
0.020 19.08 19.38 19.24 19.52 19.31 19.49 19.41 19.33 19.02 19.16 19.08 18.55 19.92 18.90 19.04 18.91 
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Table XLII 
keff = 1.0 Radii for Concrete Reflected Spherical Systems 
U Conc. Radius (cm) for Concrete Index 
(g U/cm3) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
18.81 6.210 6.472 6.299 6.373 6.456 6.348 6.305 6.309 6.284 6.278 6.329 6.350 6.330 6.301 6.332 6.288 
10.00 7.780 8.174 7.897 8.005 8.133 7.996 7.931 7.930 7.906 7.897 7.951 7.986 7.952 7.922 7.972 7.915 
4.90 9.131 9.643 9.275 9.407 9.571 9.415 9.334 9.325 9.305 9.293 9.345 9.393 9.345 9.319 9.388 9.323 
2.30 9.897 10.47 10.06 10.20 10.39 10.22 10.13 10.12 10.10 10.09 10.14 10.20 10.14 10.12 10.20 10.13 
1.00 10.19 10.75 10.36 10.49 10.70 10.52 10.44 10.42 10.41 10.39 10.44 10.51 10.44 10.43 10.52 10.44 
0.510 10.40 10.94 10.57 10.70 10.90 10.73 10.65 10.64 10.62 10.61 10.65 10.73 10.65 10.64 10.73 10.66 
0.200 11.12 11.66 11.27 11.40 11.60 11.44 11.37 11.35 11.34 11.33 11.35 11.44 11.35 11.36 11.46 11.39 
0.050 14.91 15.60 15.03 15.18 15.36 15.31 15.20 15.15 15.18 15.16 15.12 15.21 15.11 15.15 15.27 15.24 
0.020 27.03 28.18 27.02 27.25 27.40 27.63 27.43 27.27 27.42 27.38 27.15 27.25 27.13 27.26 27.43 27.51 
  
Radius (cm) for Concrete Index 
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 
18.81 6.234 6.312 6.275 6.273 6.280 6.269 6.295 6.243 6.208 6.248 6.226 6.106 6.387 6.192 6.215 6.162 
10.00 7.832 7.959 7.899 7.911 7.915 7.905 7.931 7.862 7.797 7.862 7.827 7.650 8.092 7.789 7.821 7.737 
4.90 9.208 9.382 9.300 9.329 9.327 9.321 9.346 9.259 9.168 9.254 9.206 8.978 9.578 9.162 9.202 9.095 
2.30 9.99 10.20 10.10 10.14 10.13 10.13 10.16 10.06 9.954 10.05 9.997 9.735 10.44 9.949 9.989 9.869 
1.00 10.28 10.50 10.41 10.45 10.44 10.44 10.46 10.36 10.26 10.36 10.30 10.03 10.77 10.26 10.29 10.17 
0.510 10.49 10.72 10.62 10.66 10.66 10.65 10.68 10.58 10.48 10.58 10.52 10.25 11.00 10.47 10.51 10.39 
0.200 11.21 11.44 11.35 11.40 11.38 11.39 11.41 11.31 11.21 11.30 11.25 10.97 11.74 11.20 11.23 11.11 
0.050 15.05 15.31 15.21 15.31 15.25 15.29 15.29 15.19 15.05 15.16 15.10 14.76 15.67 15.02 15.07 14.95 
0.020 27.32 27.63 27.50 27.72 27.56 27.70 27.65 27.55 27.30 27.43 27.35 26.87 28.13 27.21 27.32 27.18 
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Table XLIII 
Comparison of Concrete Reflector Thicknesses for Slab Systems 
Uranium 
Density 
(g U/cm3) 
keff for Concrete Reflector Thickness of 
91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 
Concrete Index 1 Concrete Index 2 Concrete Index 3 Concrete Index 4 
18.81 1.0000 1.0000 0.9994 1.0000 1.0000 1.0000 1.0005 1.0000 0.9949 1.0002 1.0000 0.9978 
10.0 1.0000 1.0000 0.9995 1.0000 1.0000 1.0000 1.0004 1.0000 0.9953 1.0001 1.0000 0.9979 
4.90 1.0000 1.0000 0.9995 1.0000 1.0001 1.0001 1.0004 1.0000 0.9956 1.0002 1.0000 0.9981 
2.30 1.0000 1.0000 0.9996 1.0000 1.0000 1.0000 1.0004 1.0000 0.9959 1.0001 1.0000 0.9982 
1.00 1.0000 1.0000 0.9996 1.0000 1.0000 1.0000 1.0003 1.0000 0.9963 1.0001 1.0000 0.9984 
0.510 1.0000 1.0000 0.9996 0.9999 0.9999 0.9999 1.0002 0.9999 0.9966 1.0002 1.0001 0.9986 
0.200 1.0001 1.0000 0.9998 0.9999 1.0000 1.0000 1.0003 1.0001 0.9975 1.0001 1.0001 0.9989 
0.050 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0001 1.0000 0.9987 1.0001 1.0001 0.9995 
0.020 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 1.0000 1.0000 0.9996 1.0000 1.0000 0.9998 
 Concrete Index 5 Concrete Index 6 Concrete Index 7 Concrete Index 8 
18.81 1.0006 1.0000 0.9950 1.0000 1.0000 0.9999 1.0001 1.0000 0.9998 1.0001 1.0000 0.9989 
10.0 1.0005 1.0000 0.9953 1.0000 1.0000 1.0000 1.0000 1.0000 0.9998 1.0000 1.0000 0.9990 
4.90 1.0004 1.0000 0.9957 1.0000 1.0000 1.0000 1.0000 1.0000 0.9998 1.0000 1.0000 0.9991 
2.30 1.0004 1.0000 0.9959 0.9999 0.9999 0.9999 1.0000 1.0000 0.9998 1.0000 1.0000 0.9992 
1.00 1.0003 1.0000 0.9962 1.0000 1.0000 1.0000 0.9999 0.9999 0.9997 1.0000 1.0000 0.9993 
0.510 1.0002 0.9999 0.9965 0.9999 0.9999 0.9999 1.0000 1.0000 0.9998 1.0001 1.0000 0.9994 
0.200 1.0003 1.0000 0.9973 1.0001 1.0001 1.0001 0.9999 0.9999 0.9998 1.0000 1.0000 0.9994 
0.050 1.0002 1.0000 0.9987 1.0000 1.0000 1.0000 1.0001 1.0001 1.0000 1.0000 1.0000 0.9997 
0.020 1.0000 1.0000 0.9996 0.9999 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 
 Concrete Index 9 Concrete Index 10 Concrete Index 11 Concrete Index 12 
18.81 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0003 1.0000 0.9969 1.0004 1.0000 0.9962 
10.0 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0003 1.0000 0.9972 1.0003 1.0000 0.9965 
4.90 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0003 1.0000 0.9974 1.0003 1.0000 0.9967 
2.30 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0002 1.0000 0.9976 1.0002 1.0000 0.9970 
1.00 0.9999 1.0000 0.9998 0.9999 1.0000 0.9998 1.0002 1.0000 0.9978 1.0002 1.0000 0.9972 
0.510 1.0000 1.0000 0.9999 1.0000 1.0000 0.9998 1.0002 1.0001 0.9981 1.0001 0.9999 0.9974 
0.200 1.0000 1.0001 1.0000 0.9999 0.9999 0.9998 1.0002 1.0001 0.9985 1.0002 1.0000 0.9981 
0.050 1.0000 1.0000 1.0000 1.0001 1.0001 1.0000 1.0001 1.0001 0.9993 1.0002 1.0000 0.9991 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9998 1.0000 1.0000 0.9997 
 Concrete Index 13 Concrete Index 14 Concrete Index 15 Concrete Index 16 
18.81 1.0004 1.0000 0.9963 1.0001 1.0000 0.9986 1.0001 1.0000 0.9989 1.0001 1.0000 0.9998 
10.0 1.0003 1.0000 0.9965 1.0001 1.0000 0.9987 1.0000 1.0000 0.9991 1.0000 1.0000 0.9999 
4.90 1.0003 1.0000 0.9968 1.0000 1.0000 0.9988 1.0000 1.0000 0.9991 1.0000 1.0000 0.9999 
2.30 1.0003 1.0000 0.9970 1.0000 1.0000 0.9989 1.0000 1.0000 0.9992 1.0000 1.0000 0.9999 
1.00 1.0002 1.0000 0.9973 0.9999 0.9999 0.9989 1.0000 1.0000 0.9993 0.9999 1.0000 0.9998 
0.510 1.0001 0.9999 0.9975 1.0001 1.0001 0.9992 1.0000 1.0001 0.9994 1.0001 1.0001 1.0000 
0.200 1.0000 1.0000 0.9981 1.0001 1.0001 0.9994 1.0000 1.0000 0.9994 1.0000 1.0000 0.9999 
0.050 1.0001 1.0000 0.9991 1.0000 1.0000 0.9996 1.0000 1.0000 0.9998 1.0000 1.0000 1.0000 
0.020 1.0000 1.0000 0.9997 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 
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Table XLIV 
Comparison of Concrete Reflector Thicknesses for Slab Systems 
Uranium 
Density 
(g U/cm3) 
keff for Concrete Reflector Thickness of 
91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 
Concrete Index 17 Concrete Index 18 Concrete Index 19 Concrete Index 20 
18.81 1.0000 1.0000 0.9999 1.0000 1.0001 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 
10.0 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 
4.90 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 
2.30 1.0000 1.0001 1.0000 1.0000 1.0000 1.0000 1.0001 1.0001 1.0001 1.0000 1.0001 1.0000 
1.00 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 1.0000 1.0001 1.0000 0.9999 1.0001 0.9999 
0.510 1.0000 1.0000 1.0000 0.9999 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0001 
0.200 1.0000 1.0001 1.0000 0.9999 1.0000 0.9999 1.0001 1.0001 1.0001 0.9999 1.0001 0.9999 
0.050 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
 Concrete Index 21 Concrete Index 22 Concrete Index 23 Concrete Index 24 
18.81 1.0000 1.0001 0.9999 1.0000 1.0001 1.0000 1.0000 1.0001 1.0000 1.0000 1.0000 1.0000 
10.0 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
4.90 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
2.30 1.0000 1.0001 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
1.00 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 
0.510 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 
0.200 1.0000 1.0000 1.0000 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0001 1.0000 
0.050 1.0000 1.0001 1.0001 1.0000 1.0000 1.0000 1.0000 1.0000 1.0001 1.0000 1.0000 1.0000 
0.020 1.0002 1.0002 1.0002 0.9999 0.9999 0.9999 1.0001 1.0001 1.0001 1.0000 1.0000 1.0000 
 Concrete Index 25 Concrete Index 26 Concrete Index 27 Concrete Index 28 
18.81 1.0000 1.0000 0.9998 1.0000 1.0000 0.9999 1.0000 1.0000 0.9998 1.0001 1.0000 0.9996 
10.0 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9996 
4.90 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9996 
2.30 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9996 
1.00 0.9999 1.0000 0.9999 0.9999 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 0.9996 
0.510 1.0000 1.0001 1.0000 1.0001 1.0001 1.0001 1.0000 1.0000 0.9999 1.0001 1.0001 0.9998 
0.200 1.0001 1.0001 1.0001 0.9999 1.0000 0.9999 0.9999 0.9999 0.9999 1.0001 1.0001 0.9998 
0.050 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0001 1.0001 0.9999 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
 Concrete Index 29 Concrete Index 30 Concrete Index 31 Concrete Index 32 
18.81 1.0000 1.0000 0.9999 1.0000 1.0000 0.9996 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 
10.0 1.0000 1.0000 1.0000 1.0000 1.0000 0.9997 1.0001 1.0000 0.9999 1.0000 1.0000 0.9999 
4.90 0.9999 1.0000 0.9999 1.0000 1.0000 0.9998 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 
2.30 0.9999 0.9999 0.9999 1.0000 1.0000 0.9998 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 
1.00 1.0000 1.0000 1.0000 0.9999 0.9999 0.9997 0.9999 1.0000 0.9999 0.9999 0.9999 0.9998 
0.510 1.0000 1.0001 1.0001 1.0001 1.0001 0.9999 1.0000 1.0001 1.0000 0.9999 0.9999 0.9998 
0.200 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0001 1.0001 1.0001 0.9999 1.0000 0.9999 
0.050 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
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Fig. 22. Differences in keff for 45.72 cm and 60.96 cm Thick Concrete Reflected Slab Systems 
 
 
 
Fig. 23. Differences in keff for 60.96 cm and 91.44 cm Thick Concrete Reflected Slab Systems 
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Table XLV 
Comparison of Concrete Reflector Thicknesses for Cylindrical Systems 
Uranium 
Density 
(g U/cm3) 
keff for Concrete Reflector Thickness of 
91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 
Concrete Index 1 Concrete Index 2 Concrete Index 3 Concrete Index 4 
18.81 0.9998 1.0000 1.0002 0.9999 0.9999 1.0000 0.9998 1.0000 0.9989 0.9998 1.0000 0.9997 
10.0 0.9998 1.0000 1.0000 0.9999 1.0000 1.0000 0.9998 1.0000 0.9984 0.9997 1.0000 0.9994 
4.90 0.9999 1.0001 1.0000 1.0000 1.0000 1.0001 0.9999 1.0000 0.9984 0.9997 1.0000 0.9993 
2.30 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 0.9984 0.9998 1.0000 0.9992 
1.00 0.9998 1.0000 0.9998 1.0000 1.0000 1.0001 1.0000 0.9999 0.9983 0.9999 0.9999 0.9992 
0.510 0.9999 1.0000 0.9998 0.9999 1.0000 1.0000 1.0001 1.0000 0.9985 1.0000 1.0000 0.9994 
0.200 0.9999 1.0000 0.9998 1.0000 1.0000 1.0000 1.0002 1.0000 0.9988 1.0000 1.0000 0.9994 
0.050 1.0001 1.0000 0.9999 1.0002 1.0003 1.0003 1.0001 1.0000 0.9993 1.0001 1.0000 0.9997 
0.020 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 0.9998 1.0001 1.0001 1.0000 
  Concrete Index 5 Concrete Index 6 Concrete Index 7 Concrete Index 8 
18.81 0.9998 1.0000 0.9990 0.9998 0.9999 1.0002 0.9999 1.0001 1.0004 0.9998 1.0000 1.0001 
10.0 0.9997 1.0000 0.9985 0.9999 1.0000 1.0002 0.9997 0.9999 1.0001 0.9997 1.0000 0.9999 
4.90 0.9998 1.0000 0.9984 0.9998 1.0000 1.0001 0.9998 1.0000 1.0000 0.9998 1.0000 0.9998 
2.30 1.0000 1.0000 0.9985 0.9999 1.0000 1.0001 0.9999 1.0000 1.0001 0.9998 1.0000 0.9997 
1.00 1.0000 1.0000 0.9984 0.9999 1.0000 1.0001 0.9999 1.0000 1.0000 0.9999 1.0000 0.9997 
0.510 1.0000 1.0000 0.9984 0.9999 1.0000 1.0000 0.9999 1.0000 0.9999 0.9999 1.0000 0.9998 
0.200 1.0002 1.0001 0.9989 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9997 
0.050 1.0001 1.0000 0.9993 0.9997 0.9997 0.9996 1.0001 1.0000 1.0000 1.0000 1.0000 0.9998 
0.020 1.0000 1.0000 0.9997 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 
  Concrete Index 9 Concrete Index 10 Concrete Index 11 Concrete Index 12 
18.81 0.9998 1.0000 1.0002 0.9998 1.0001 1.0003 0.9998 1.0001 0.9995 0.9999 1.0000 0.9995 
10.0 0.9997 1.0000 1.0001 0.9998 1.0001 1.0002 0.9997 0.9999 0.9991 0.9998 1.0000 0.9991 
4.90 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 0.9999 1.0000 0.9991 0.9998 1.0000 0.9988 
2.30 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 0.9999 0.9999 0.9990 0.9999 1.0000 0.9988 
1.00 0.9999 1.0000 1.0000 0.9998 1.0000 0.9999 1.0000 1.0000 0.9991 1.0000 1.0000 0.9988 
0.510 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 1.0001 1.0001 0.9991 1.0000 1.0000 0.9989 
0.200 0.9999 1.0000 0.9999 1.0000 1.0001 0.9999 1.0001 1.0000 0.9992 1.0001 1.0000 0.9990 
0.050 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0001 1.0000 0.9996 1.0001 1.0000 0.9995 
0.020 1.0001 1.0001 1.0001 1.0000 1.0000 1.0000 1.0001 1.0001 0.9999 1.0000 1.0000 0.9998 
  Concrete Index 13 Concrete Index 14 Concrete Index 15 Concrete Index 16 
18.81 0.9999 0.9999 0.9994 0.9998 1.0001 1.0001 0.9998 1.0000 1.0001 0.9999 1.0000 1.0003 
10.0 0.9998 1.0000 0.9990 0.9997 1.0000 0.9998 0.9997 1.0000 0.9999 0.9998 1.0000 1.0002 
4.90 0.9999 1.0001 0.9990 0.9998 1.0000 0.9996 0.9997 0.9999 0.9997 0.9998 1.0000 1.0001 
2.30 1.0000 1.0000 0.9989 0.9999 1.0001 0.9997 0.9998 1.0000 0.9997 0.9998 1.0000 1.0000 
1.00 1.0000 1.0000 0.9989 0.9998 1.0000 0.9995 0.9998 1.0000 0.9997 0.9999 1.0000 1.0000 
0.510 1.0001 1.0000 0.9989 0.9999 1.0001 0.9996 0.9998 0.9999 0.9996 0.9999 1.0000 1.0000 
0.200 1.0001 1.0000 0.9990 1.0000 1.0000 0.9996 1.0000 1.0000 0.9998 0.9999 1.0000 0.9999 
0.050 1.0001 1.0000 0.9995 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 1.0000 
0.020 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 
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Table XLVI 
Comparison of Concrete Reflector Thicknesses for Cylindrical Systems 
Uranium 
Density 
(g U/cm3) 
keff for Concrete Reflector Thickness of 
91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 
Concrete Index 17 Concrete Index 18 Concrete Index 19 Concrete Index 20 
18.81 0.9999 1.0000 1.0002 0.9998 1.0000 1.0002 0.9997 0.9999 1.0001 1.0000 1.0001 1.0003 
10.0 0.9998 1.0000 1.0002 0.9998 1.0000 1.0002 0.9998 1.0000 1.0002 0.9998 1.0000 1.0001 
4.90 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 0.9999 1.0000 1.0002 
2.30 0.9999 1.0000 1.0001 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 0.9999 1.0000 1.0001 
1.00 0.9998 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0001 
0.510 0.9998 1.0000 1.0000 0.9999 1.0000 1.0001 0.9999 1.0000 1.0000 0.9999 1.0000 1.0001 
0.200 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 
0.050 1.0000 1.0000 1.0000 0.9997 0.9997 0.9997 1.0000 1.0000 1.0000 0.9998 0.9998 0.9997 
0.020 1.0000 1.0000 1.0000 1.0001 1.0001 1.0001 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 
  Concrete Index 21 Concrete Index 22 Concrete Index 23 Concrete Index 24 
18.81 0.9999 1.0001 1.0003 0.9999 1.0000 1.0002 0.9998 1.0000 1.0002 0.9999 1.0001 1.0003 
10.0 0.9998 1.0000 1.0002 0.9999 1.0000 1.0002 0.9998 1.0000 1.0002 0.9998 1.0000 1.0002 
4.90 0.9998 1.0000 1.0001 0.9999 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 
2.30 0.9999 1.0000 1.0001 0.9999 1.0000 1.0001 0.9999 1.0000 1.0001 0.9999 1.0000 1.0001 
1.00 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 0.9999 1.0000 1.0000 0.9998 1.0000 1.0000 
0.510 0.9999 1.0001 1.0001 0.9999 1.0000 1.0000 0.9999 1.0000 1.0001 0.9998 1.0000 1.0000 
0.200 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 
0.050 1.0000 0.9999 0.9999 0.9999 0.9999 0.9998 0.9999 0.9998 0.9998 1.0000 1.0000 1.0000 
0.020 1.0001 1.0001 1.0000 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 1.0001 1.0001 1.0001 
  Concrete Index 25 Concrete Index 26 Concrete Index 27 Concrete Index 28 
18.81 0.9999 1.0001 1.0003 0.9998 0.9999 1.0002 0.9998 1.0000 1.0002 0.9999 1.0001 1.0003 
10.0 0.9998 1.0000 1.0002 0.9999 1.0000 1.0003 0.9998 1.0000 1.0002 0.9998 1.0001 1.0001 
4.90 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 1.0000 
2.30 0.9998 1.0000 1.0000 0.9999 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 0.9999 
1.00 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 0.9999 0.9999 
0.510 0.9998 0.9999 0.9999 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0001 0.9999 
0.200 0.9999 1.0000 0.9999 0.9999 1.0000 0.9999 1.0000 1.0001 1.0000 0.9999 1.0000 0.9998 
0.050 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
0.020 1.0000 1.0000 1.0000 1.0000 1.0001 1.0001 1.0001 1.0001 1.0001 0.9999 0.9999 0.9999 
  Concrete Index 29 Concrete Index 30 Concrete Index 31 Concrete Index 32 
18.81 0.9998 1.0000 1.0002 0.9999 1.0001 1.0003 0.9999 1.0000 1.0003 0.9999 1.0001 1.0003 
10.0 0.9998 1.0000 1.0001 0.9997 0.9999 1.0001 0.9998 0.9999 1.0001 0.9999 1.0000 1.0002 
4.90 0.9999 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 0.9998 1.0000 1.0001 
2.30 0.9999 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 
1.00 1.0000 1.0000 1.0001 0.9999 1.0000 1.0000 0.9999 1.0000 1.0001 0.9999 1.0000 1.0000 
0.510 1.0000 1.0000 1.0001 0.9998 1.0000 0.9999 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 
0.200 1.0001 1.0000 1.0000 0.9999 1.0000 0.9999 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 
0.050 1.0003 1.0003 1.0002 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
0.020 0.9999 0.9999 0.9999 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 1.0000 1.0000 1.0000 
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Fig. 24. Differences in keff for 45.72 cm and 60.96 cm Thick Concrete Reflected Cylindrical Systems 
 
 
 
Fig. 25. Differences in keff for 60.96 cm and 91.44 cm Thick Concrete Reflected Cylindrical Systems 
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Table XLVII 
Comparison of Concrete Reflector Thicknesses for Spherical Systems 
Uranium 
Density 
(g U/cm3) 
keff for Concrete Reflector Thickness of 
91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 
Concrete Index 1 Concrete Index 2 Concrete Index 3 Concrete Index 4 
18.81 1.0000 1.0000 0.9987 1.0000 1.0000 1.0000 1.0008 1.0000 0.9951 1.0003 1.0001 0.9980 
10.0 0.9999 1.0000 0.9990 1.0000 1.0000 1.0000 1.0005 1.0000 0.9959 1.0001 1.0000 0.9984 
4.90 0.9999 1.0000 0.9992 0.9999 1.0000 0.9999 1.0003 1.0000 0.9965 1.0000 1.0000 0.9987 
2.30 0.9999 1.0000 0.9993 1.0003 1.0003 1.0003 1.0003 1.0001 0.9969 1.0000 1.0000 0.9988 
1.00 0.9999 1.0001 0.9995 1.0000 1.0001 1.0001 1.0004 1.0003 0.9974 0.9996 0.9997 0.9987 
0.510 0.9998 0.9999 0.9995 0.9999 0.9999 1.0000 1.0003 1.0002 0.9993 1.0000 1.0001 0.9992 
0.200 1.0000 1.0002 0.9999 1.0002 1.0003 1.0003 0.9996 0.9996 0.9989 0.9997 0.9998 0.9992 
0.050 0.9998 0.9999 0.9999 0.9998 0.9999 0.9999 1.0000 1.0000 0.9998 1.0001 1.0002 1.0001 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 
  Concrete Index 5 Concrete Index 6 Concrete Index 7 Concrete Index 8 
18.81 1.0015 1.0000 0.9968 1.0000 1.0000 0.9996 1.0002 1.0000 0.9990 1.0004 1.0000 0.9976 
10.0 1.0011 1.0000 0.9972 1.0000 1.0000 0.9997 1.0000 1.0000 0.9993 1.0002 1.0000 0.9981 
4.90 1.0008 1.0000 0.9975 0.9999 1.0000 0.9997 1.0000 1.0000 0.9995 1.0000 1.0000 0.9985 
2.30 1.0007 1.0000 0.9978 0.9999 1.0000 0.9998 0.9997 0.9998 0.9993 1.0000 1.0000 0.9986 
1.00 1.0008 1.0003 0.9982 1.0000 1.0001 1.0000 1.0001 1.0003 0.9999 0.9997 0.9997 0.9986 
0.510 1.0002 0.9997 0.9978 1.0002 1.0003 1.0002 0.9999 1.0000 0.9997 1.0002 1.0003 0.9993 
0.200 1.0000 0.9997 0.9981 0.9996 0.9997 0.9997 0.9998 1.0000 0.9998 0.9998 1.0000 0.9992 
0.050 0.9999 0.9998 0.9997 1.0001 1.0001 1.0002 0.9998 0.9999 0.9999 1.0000 1.0001 1.0001 
0.020 1.0001 1.0001 0.9999 0.9999 0.9999 0.9999 1.0000 1.0000 1.0000 0.9999 0.9999 0.9999 
  Concrete Index 9 Concrete Index 10 Concrete Index 11 Concrete Index 12 
18.81 1.0000 1.0000 0.9989 1.0000 1.0000 0.9988 1.0008 1.0000 0.9952 1.0007 1.0000 0.9953 
10.0 1.0000 1.0000 0.9992 0.9999 1.0000 0.9991 1.0005 1.0000 0.9960 1.0005 1.0000 0.9961 
4.90 0.9999 1.0000 0.9994 0.9999 1.0000 0.9993 1.0003 1.0000 0.9966 1.0003 1.0000 0.9966 
2.30 0.9997 0.9998 0.9992 1.0000 1.0001 0.9995 1.0004 1.0002 0.9972 1.0002 1.0000 0.9970 
1.00 1.0000 1.0002 0.9997 0.9997 0.9998 0.9993 1.0004 1.0003 0.9975 1.0001 0.9999 0.9971 
0.510 0.9997 0.9998 0.9995 1.0001 1.0002 0.9999 1.0004 1.0004 0.9978 1.0004 1.0003 0.9978 
0.200 0.9995 0.9997 0.9995 1.0000 1.0001 0.9999 0.9998 0.9998 0.9992 1.0002 1.0002 0.9982 
0.050 0.9998 0.9999 0.9999 0.9999 1.0000 1.0000 1.0001 1.0002 1.0001 1.0001 1.0001 1.0000 
0.020 1.0000 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 0.9999 1.0001 1.0000 1.0000 
  Concrete Index 13 Concrete Index 14 Concrete Index 15 Concrete Index 16 
18.81 1.0007 0.9999 0.9952 1.0003 1.0000 0.9977 1.0003 1.0000 0.9978 1.0002 1.0000 0.9991 
10.0 1.0005 1.0000 0.9960 1.0001 1.0000 0.9982 1.0001 1.0000 0.9983 1.0000 1.0000 0.9993 
4.90 1.0003 1.0000 0.9966 1.0000 1.0000 0.9985 1.0000 1.0000 0.9986 1.0000 1.0000 0.9994 
2.30 1.0004 1.0002 0.9972 1.0001 1.0002 0.9989 0.9999 0.9999 0.9987 0.9999 1.0000 0.9995 
1.00 1.0004 1.0003 0.9975 1.0003 1.0004 0.9992 1.0002 1.0003 0.9992 0.9998 0.9999 0.9995 
0.510 1.0004 1.0004 0.9978 0.9999 1.0000 0.9990 0.9995 0.9996 0.9987 0.9998 1.0000 0.9996 
0.200 0.9999 0.9999 0.9992 1.0001 1.0002 0.9995 1.0002 1.0003 0.9997 1.0000 1.0002 1.0000 
0.050 0.9999 1.0000 0.9999 0.9999 0.9999 0.9999 1.0000 1.0001 1.0000 0.9998 0.9999 1.0000 
0.020 1.0000 1.0000 0.9999 1.0000 1.0000 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
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Table XLVIII 
Comparison of Concrete Reflector Thicknesses for Spherical Systems 
Uranium 
Density 
(g U/cm3) 
keff for Concrete Reflector Thickness of 
91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 91.44 60.96 45.72 
Concrete Index 17 Concrete Index 18 Concrete Index 19 Concrete Index 20 
18.81 1.0000 1.0000 0.9999 1.0000 1.0000 0.9996 1.0000 1.0000 0.9995 1.0000 1.0000 0.9999 
10.0 0.9999 1.0000 0.9999 0.9999 1.0000 0.9997 0.9999 1.0000 0.9997 1.0000 1.0000 0.9999 
4.90 1.0000 1.0000 1.0000 0.9999 1.0000 0.9998 1.0000 1.0000 0.9998 1.0000 1.0000 1.0000 
2.30 1.0002 1.0003 1.0002 1.0002 1.0003 1.0002 0.9999 1.0000 0.9998 1.0000 1.0000 1.0000 
1.00 1.0000 1.0001 1.0001 0.9996 0.9997 0.9996 1.0002 1.0003 1.0002 1.0001 1.0002 1.0002 
0.510 1.0000 1.0001 1.0001 1.0000 1.0001 1.0001 0.9998 0.9999 0.9998 0.9996 0.9997 0.9997 
0.200 0.9999 1.0000 1.0001 0.9996 0.9998 0.9998 1.0001 1.0002 1.0002 1.0000 1.0001 1.0002 
0.050 0.9997 0.9998 0.9999 0.9999 1.0000 1.0000 1.0001 1.0002 1.0002 1.0000 1.0001 1.0001 
0.020 1.0000 1.0000 1.0000 0.9999 1.0000 0.9999 0.9999 0.9999 0.9999 0.9999 1.0000 1.0000 
  Concrete Index 21 Concrete Index 22 Concrete Index 23 Concrete Index 24 
18.81 0.9999 1.0000 0.9995 1.0001 1.0000 0.9999 1.0000 1.0000 0.9995 1.0000 1.0000 0.9998 
10.0 0.9999 1.0000 0.9997 1.0000 1.0000 1.0000 1.0000 1.0000 0.9997 1.0000 1.0000 1.0000 
4.90 0.9999 1.0000 0.9998 1.0000 1.0000 1.0000 0.9999 1.0000 0.9998 1.0000 1.0000 1.0000 
2.30 0.9996 0.9997 0.9995 1.0000 1.0000 1.0000 1.0002 1.0003 1.0001 1.0001 1.0002 1.0002 
1.00 0.9998 0.9999 0.9998 1.0002 1.0002 1.0003 0.9996 0.9997 0.9996 0.9997 0.9998 0.9998 
0.510 1.0001 1.0002 1.0002 0.9997 0.9998 0.9998 0.9998 0.9999 0.9999 0.9999 1.0000 1.0001 
0.200 0.9997 0.9998 0.9998 1.0002 1.0003 1.0003 0.9998 1.0000 1.0000 0.9999 1.0000 1.0001 
0.050 1.0000 1.0001 1.0001 0.9999 1.0000 1.0000 0.9998 0.9999 0.9999 0.9998 0.9999 0.9999 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0001 1.0001 1.0001 1.0000 1.0000 1.0000 1.0000 
  Concrete Index 25 Concrete Index 26 Concrete Index 27 Concrete Index 28 
18.81 0.9999 1.0000 0.9994 1.0001 1.0000 0.9997 0.9999 1.0000 0.9994 1.0001 1.0000 0.9995 
10.0 0.9999 1.0000 0.9996 1.0000 1.0000 0.9997 1.0000 1.0000 0.9997 1.0000 1.0000 0.9996 
4.90 1.0000 1.0000 0.9998 1.0000 1.0000 0.9998 0.9999 1.0000 0.9997 0.9999 1.0000 0.9997 
2.30 0.9999 1.0000 0.9998 0.9999 1.0000 0.9998 0.9999 1.0000 0.9998 0.9999 1.0000 0.9997 
1.00 0.9998 0.9999 0.9998 1.0000 1.0002 1.0000 0.9997 0.9998 0.9996 0.9998 1.0000 0.9998 
0.510 0.9998 0.9999 0.9998 1.0002 1.0004 1.0003 0.9997 0.9999 0.9998 1.0001 1.0002 1.0001 
0.200 0.9999 1.0000 1.0000 0.9997 0.9998 0.9998 0.9999 1.0001 1.0001 0.9999 1.0001 1.0000 
0.050 0.9997 0.9998 0.9998 1.0001 1.0002 1.0002 1.0001 1.0001 1.0002 0.9997 0.9998 0.9998 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.9999 1.0000 0.9999 1.0000 1.0000 1.0000 
  Concrete Index 29 Concrete Index 30 Concrete Index 31 Concrete Index 32 
18.81 0.9999 1.0000 0.9990 1.0000 1.0000 0.9986 1.0000 1.0001 0.9995 1.0000 1.0000 0.9995 
10.0 0.9999 1.0000 0.9994 0.9999 1.0000 0.9990 0.9999 1.0000 0.9996 0.9999 1.0000 0.9996 
4.90 0.9999 1.0000 0.9995 0.9999 1.0000 0.9991 1.0000 1.0000 0.9998 1.0000 1.0000 0.9997 
2.30 1.0000 1.0001 0.9997 0.9999 1.0000 0.9993 0.9999 1.0000 0.9998 0.9999 1.0000 0.9998 
1.00 0.9997 0.9998 0.9996 1.0002 1.0003 0.9997 0.9998 0.9999 0.9997 1.0000 1.0001 0.9999 
0.510 1.0000 1.0002 1.0000 0.9995 0.9996 0.9992 1.0000 1.0002 1.0001 1.0002 1.0003 1.0002 
0.200 0.9998 0.9999 0.9999 0.9999 1.0001 0.9998 0.9997 0.9999 0.9999 0.9996 0.9998 0.9997 
0.050 0.9998 0.9998 0.9999 0.9999 1.0000 1.0000 0.9998 0.9999 1.0000 0.9999 1.0000 1.0000 
0.020 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
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Fig. 26. Differences in keff for 45.72 cm and 60.96 cm Thick Concrete Reflected Spherical Systems 
 
 
 
Fig. 27. Differences in keff for 60.96 cm and 91.44 cm Thick Concrete Reflected Spherical System 
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from -0.0002 to 0.0015 and have a span of 0.0017.  The span is smaller than the span for the 45.72 cm 
and 60.96 cm thickness differences with over 80% of the results ranging from -0.0001 to 0.0001 and over 
90% ranging between -0.0002 and 0.0002.  Twenty two of the difference results are greater than 0.0002 
and two (0.0011 and 0.0015) are greater than 0.0010.  The two largest difference results occur for the two 
highest uranium concentration systems reflected by concrete index 5 which is also the reflector for a total 
of 7 fissile systems that exhibit differences greater than 0.0002.  Although the differences are a little 
larger than desirable, the reasons spherical systems exhibit a larger span of differences than do slab and 
cylindrical systems were not sought.  Their presence was accepted because they appear to be confined to 
the faster spectrum fissile systems reflected by a few concrete compositions (indexes 3, 5, 8, 11, 12, 13, 
14, and 15).  They also number only 22 (2.5%) of the 864 total systems represented by 3 geometries, 32 
concrete compositions, and 9 fissile systems.  These results indicate that 60.96 cm thick concrete 
reflection is more effective that 45.72 cm thick concrete and that 60.96 cm is generally adequate to 
simulate infinite thickness reflection for the concrete compositions considered. 
 
Sensitivity Coefficients 
 
The sensitivity coefficient,  ,", of keff for some input value α is defined as: 
 
  ,∝ = $
%
%$ (3) 
 
A sensitivity coefficient for the total macroscopic neutron cross section, Σ', of some element or isotope 
can be approximated for small linear changes by direct perturbation as: 
 
  ,() =
Σ'

*()+ − ()-.
/Σ'0 − Σ'12  
(4) 
 
where: Σ'0 = increased value of total neutron cross section 
 Σ'1 = decreased value of total neutron cross section 
 ()+ =  associated with Σ'0 ()- =  associated with Σ'1 
 
Because Σ' is the product of the element or isotope atomic number density, N, and the microscopic 
neutron cross section, σ, the macroscopic sensitivity coefficient,  ,(), is equivalent to: 
 
  ,3 = 
/4+ − 4-2
/0 − 12  (5) 
 
where: 0 = increased value of atomic number density 
 1= decreased value of atomic number density 
4+ =  associated with 0 
4- =  associated with 1 
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Sensitivity coefficients can be computed by direct perturbation as indicated and by other methods.  The 
TSUNAMI-1D computational sequence uses a technique derived from adjoint-based perturbation theory.  
Background information on the technique is shown in Appendix A. 
 
For the current work, the TSUNAMI-1D produced sensitivity coefficient was multiplied by k and divided 
by N to obtain the change in keff per unit change in element or isotope atomic number density, Δ/Δ, 
which can be used to compare concrete constituents in terms of their positive or negative effects on keff.  
Because TSUNAMI-1D sensitivity coefficients are produced for each isotope and several of the elements 
of interest are represented by a mixture of isotopes, the sensitivity coefficient for the element was taken to 
be the sum of the sensitivity coefficients for each isotope of the element and Δ/Δ for an element 
was computed after summing the isotopic sensitivity coefficients.  Spot checks using direct perturbation 
generally confirmed that the approach used was reasonable.  
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5.0 RESULTS 
 
Initial Concrete Material Observations 
 
The concrete study set comprises 28 elements.  Results of examining the atom fraction information shown 
in Table XXXII through Table XXXV are shown in Table XLIX.  As noted in the concrete background 
information section above, it is reasonable to expect that concrete will contain hydrogen, oxygen, 
aluminum, silicon, sulfur, calcium, and iron from the cement component.  Table XLIX shows that: (1) all 
32 concrete compositions in the study set contain hydrogen, oxygen, silicon, and calcium; (2) 31 concrete 
compositions contain aluminum and iron; and (3) 20 concrete compositions contain sulfur. 
 
Although sensitivity coefficients were produced for the isotopes of all the elements shown in Table XLIX 
during the course of computations, some are not considered further for various reasons.  Fifteen elements 
in Table XLIX are indicated by light grey shading (lithium, boron, nitrogen, phosphorous, chlorine, 
vanadium, chromium, nickel, zinc, rubidium, strontium, zirconium, cadmium, barium, and tantalum).  
Nine of them (lithium, boron, vanadium, nickel, rubidium, strontium, zirconium, cadmium, and barium) 
were present in only one concrete composition (index 29) and at concentrations no greater than 0.0001 
atom fraction.  It was also the only concrete composition that had elements recognized as strong neutron 
absorbers (6Li, 10B, and 113Cd) and after some consideration it was decided to delete the index 29 
composition from further consideration because strong neutron absorbers were present.  This deletion 
reduced the number of concrete compositions in the study set to 31 and reduced the number of elements 
and isotopes in the study set by 3 and 12, respectively.  Three of the elements (chromium, zinc, and 
tantalum) were present in only two concrete compositions and at concentrations no greater than 0.0001 
atom fraction.  The remaining three elements (nitrogen, phosphorus, and chlorine) were present in no 
more than five concrete compositions at concentrations no greater than 0.0030 atom fraction. 
 
The concentrations of the remaining thirteen elements (hydrogen, carbon, oxygen, sodium, magnesium, 
aluminum, silicon, sulfur, potassium, calcium, titanium, manganese, and iron) are visually indicated in 
Fig. 28.  Two of the elements, titanium and manganese, are present in only nine concrete compositions 
and their concentrations are low (≤0.0015 atom fraction maximum).  Results are presented for them but 
they are considered to have somewhat weak support.  Of the remaining eleven elements, it is evident that 
the concentrations of six of them (sodium, magnesium, aluminum, sulfur, potassium, and iron) are 
dwarfed by the other five (hydrogen, carbon, oxygen, silicon, and calcium).  Four of the five (hydrogen, 
oxygen, silicon, and calcium) are present in all 32 concretes in the study set; one (carbon) appears in 19 of 
them and can have significant presence.  The eleven identified elements make up more than 0.9970 atom 
fraction of the 32 concrete compositions in the study set. 
 
Water and Concrete Compared 
 
The characteristic dimensions of water reflected systems for keff = 1.0 shown in Table XXXVIII are 
plotted in Fig. 29.  Table L, Table LI, and Table LII show the keff results for infinite extent slab, infinite 
length cylindrical, and spherical systems, respectively, obtained by replacing the water reflector with 
60.96 cm thickness of each concrete composition in the study set.  All the results for slab, cylindrical and 
spherical systems are shown in Fig. 30, Fig. 31, and Fig. 32, respectively, although to minimize clutter 
only the bounding results are identified.  The ranking of concrete reflectors from highest to lowest keff are 
shown in Table LIII. 
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Table XLIX 
Elemental Atom Fraction Ranges in Concrete Study Set 
Element 
Number of 
Concrete 
Compositions 
Containing 
Element 
Element atom 
fraction 
low high 
H 32 0.0597 0.3705 
Li 1 0.0000 0.0000 
B 1 0.0001 0.0001 
C 19 0.0001 0.2535 
N 5 0.0001 0.0030 
O 32 0.4371 0.6041 
Na 27 0.0002 0.0338 
Mg 26 0.0007 0.0703 
Al 31 0.0038 0.0399 
Si 32 0.0115 0.2447 
P 3 0.0000 0.0002 
S 20 0.0006 0.0093 
Cl 3 0.0000 0.0003 
K 24 0.0001 0.0093 
Ca 32 0.0182 0.1874 
Ti 9 0.0002 0.0015 
V 1 0.0000 0.0000 
Cr 2 0.0000 0.0000 
Mn 9 0.0000 0.0003 
Fe 31 0.0009 0.0159 
Ni 1 0.0000 0.0000 
Zn 2 0.0000 0.0000 
Rb 1 0.0000 0.0000 
Sr 1 0.0001 0.0001 
Zr 1 0.0000 0.0000 
Cd 1 0.0000 0.0000 
Ba 1 0.0001 0.0001 
Ta 2 0.0001 0.0001 
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Fig. 28. Elemental Atom Fraction Ranges in Study Set 
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Fig. 29. Characteristic Dimensions of Water Reflected Systems for keff = 1.0 
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Table L 
keff of Infinite Extent Slab Water Reflected Critical Systems Reflected by Concrete 
U Conc. Concrete Index 
(g U/cm3) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
18.81 1.2441 1.0658 1.2978 1.2455 1.2795 1.1627 1.2071 1.2440 1.2053 1.2107 1.2735 1.2896 1.2799 1.2550 1.2436 1.2062 
10.0 1.2392 1.0647 1.2893 1.2407 1.2693 1.1597 1.2024 1.2375 1.2008 1.2058 1.2657 1.2793 1.2718 1.2475 1.2359 1.2005 
4.90 1.2309 1.0620 1.2772 1.2322 1.2569 1.1538 1.1944 1.2278 1.1927 1.1976 1.2548 1.2663 1.2605 1.2368 1.2248 1.1914 
2.30 1.2307 1.0602 1.2767 1.2320 1.2542 1.1518 1.1921 1.2259 1.1904 1.1954 1.2537 1.2633 1.2595 1.2345 1.2210 1.1877 
1.00 1.2364 1.0592 1.2845 1.2382 1.2585 1.1528 1.1942 1.2298 1.1925 1.1977 1.2599 1.2675 1.2661 1.2381 1.2225 1.1881 
0.510 1.2371 1.0579 1.2858 1.2392 1.2579 1.1515 1.1930 1.2293 1.1912 1.1967 1.2606 1.2665 1.2670 1.2373 1.2203 1.1856 
0.200 1.2229 1.0539 1.2679 1.2249 1.2407 1.1415 1.1798 1.2143 1.1781 1.1834 1.2443 1.2481 1.2503 1.2211 1.2039 1.1715 
0.050 1.1479 1.0372 1.1754 1.1491 1.1581 1.0948 1.1191 1.1414 1.1179 1.1215 1.1609 1.1620 1.1648 1.1452 1.1332 1.1125 
0.020 1.0511 1.0134 1.0601 1.0516 1.0543 1.0331 1.0412 1.0487 1.0408 1.0420 1.0554 1.0554 1.0567 1.0499 1.0456 1.0386 
  
  
Concrete Index  
17 18 19 20 21 22 23 24 25 26 27 28 30 31 32  
18.81 1.1879 1.1788 1.1918 1.1507 1.1856 1.1547 1.1706 1.1762 1.2214 1.2057 1.2143 1.2599 1.2385 1.2131 1.2201  
10.0 1.1850 1.1733 1.1867 1.1468 1.1798 1.1505 1.1666 1.1714 1.2154 1.1997 1.2084 1.2532 1.2304 1.2066 1.2148  
4.90 1.1792 1.1650 1.1787 1.1401 1.1714 1.1436 1.1593 1.1640 1.2064 1.1910 1.1996 1.2438 1.2202 1.1979 1.2066  
2.30 1.1784 1.1613 1.1756 1.1365 1.1679 1.1401 1.1559 1.1608 1.2034 1.1878 1.1966 1.2431 1.2173 1.1953 1.2049  
1.00 1.1816 1.1610 1.1762 1.1354 1.1680 1.1392 1.1555 1.1608 1.2048 1.1886 1.1978 1.2489 1.2196 1.1971 1.2079  
0.510 1.1815 1.1588 1.1743 1.1327 1.1659 1.1367 1.1531 1.1587 1.2030 1.1866 1.1960 1.2497 1.2183 1.1958 1.2073  
0.200 1.1706 1.1473 1.1619 1.1223 1.1540 1.1262 1.1415 1.1471 1.1887 1.1732 1.1822 1.2348 1.2035 1.1826 1.1939  
0.050 1.1144 1.0979 1.1071 1.0810 1.1023 1.0836 1.0935 1.0974 1.1243 1.1142 1.1201 1.1557 1.1344 1.1211 1.1286  
0.020 1.0398 1.0339 1.0369 1.0281 1.0353 1.0290 1.0323 1.0336 1.0426 1.0392 1.0412 1.0536 1.0462 1.0417 1.0443  
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Table LI 
keff of Infinite Length Cylindrical Water Reflected Critical Systems Reflected by Concrete 
U Conc. 
(g U/cm3) 
Concrete Index 
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 
18.81 1.0970 1.0186 1.1015 1.0786 1.0764 1.0583 1.0753 1.0850 1.0773 1.0793 1.0913 1.0915 1.0929 1.0889 1.0814 1.0764 
10.0 1.0991 1.0178 1.1042 1.0811 1.0768 1.0581 1.0756 1.0858 1.0773 1.0794 1.0927 1.0922 1.0944 1.0893 1.0811 1.0758 
4.90 1.0970 1.0169 1.1017 1.0798 1.0749 1.0562 1.0730 1.0832 1.0744 1.0766 1.0904 1.0894 1.0921 1.0863 1.0778 1.0724 
2.30 1.0960 1.0155 1.1003 1.0787 1.0726 1.0542 1.0707 1.0812 1.0721 1.0743 1.0888 1.0868 1.0905 1.0839 1.0746 1.0694 
1.00 1.0961 1.0136 1.0999 1.0779 1.0701 1.0522 1.0687 1.0796 1.0701 1.0724 1.0877 1.0844 1.0895 1.0819 1.0715 1.0665 
0.510 1.0944 1.0121 1.0979 1.0761 1.0671 1.0499 1.0661 1.0771 1.0674 1.0699 1.0856 1.0814 1.0874 1.0791 1.0680 1.0633 
0.200 1.0883 1.0110 1.0916 1.0715 1.0626 1.0461 1.0610 1.0716 1.0622 1.0646 1.0801 1.0753 1.0819 1.0732 1.0622 1.0576 
0.050 1.0654 1.0111 1.0691 1.0563 1.0515 1.0366 1.0469 1.0551 1.0474 1.0491 1.0618 1.0585 1.0631 1.0560 1.0484 1.0437 
0.020 1.0274 1.0061 1.0301 1.0255 1.0248 1.0166 1.0208 1.0244 1.0208 1.0215 1.0275 1.0266 1.0281 1.0249 1.0221 1.0193 
  
  
Concrete Index  
17 18 19 20 21 22 23 24 25 26 27 28 30 31 32  
18.81 1.0783 1.0660 1.0736 1.0630 1.0713 1.0644 1.0659 1.0727 1.0888 1.0803 1.0849 1.1132 1.0960 1.0862 1.0948  
10.0 1.0789 1.0644 1.0729 1.0610 1.0697 1.0625 1.0650 1.0715 1.0890 1.0795 1.0847 1.1137 1.0945 1.0848 1.0945  
4.90 1.0767 1.0611 1.0700 1.0576 1.0663 1.0590 1.0619 1.0683 1.0859 1.0763 1.0816 1.1102 1.0908 1.0816 1.0912  
2.30 1.0754 1.0581 1.0675 1.0545 1.0634 1.0561 1.0589 1.0656 1.0835 1.0737 1.0792 1.1089 1.0883 1.0794 1.0894  
1.00 1.0747 1.0552 1.0652 1.0516 1.0608 1.0533 1.0561 1.0633 1.0817 1.0714 1.0772 1.1091 1.0865 1.0778 1.0884  
0.510 1.0729 1.0523 1.0624 1.0487 1.0580 1.0504 1.0531 1.0607 1.0789 1.0686 1.0745 1.1075 1.0839 1.0754 1.0863  
0.200 1.0680 1.0478 1.0573 1.0438 1.0531 1.0455 1.0482 1.0554 1.0727 1.0630 1.0686 1.1004 1.0776 1.0698 1.0800  
0.050 1.0509 1.0372 1.0434 1.0329 1.0406 1.0342 1.0367 1.0412 1.0534 1.0471 1.0508 1.0727 1.0575 1.0520 1.0583  
0.020 1.0215 1.0169 1.0189 1.0145 1.0179 1.0149 1.0163 1.0176 1.0224 1.0203 1.0215 1.0296 1.0243 1.0220 1.0241  
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Table LII 
keff of Spherical Water Reflected Critical Systems Reflected by Concrete 
U Conc. 
(g U/cm3) 
Concrete Index 
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 
18.81 1.0346 1.0004 1.0242 1.0137 1.0044 1.0161 1.0221 1.0221 1.0247 1.0254 1.0202 1.0174 1.0200 1.0232 1.0190 1.0243 
10.0 1.0390 1.0001 1.0284 1.0170 1.0053 1.0171 1.0239 1.0244 1.0263 1.0271 1.0229 1.0194 1.0228 1.0252 1.0202 1.0254 
4.90 1.0409 1.0005 1.0305 1.0194 1.0072 1.0179 1.0247 1.0258 1.0269 1.0278 1.0247 1.0208 1.0247 1.0264 1.0208 1.0254 
2.30 1.0410 0.9997 1.0302 1.0192 1.0059 1.0170 1.0236 1.0249 1.0257 1.0268 1.0242 1.0196 1.0243 1.0252 1.0190 1.0237 
1.00 1.0393 0.9973 1.0275 1.0165 1.0016 1.0140 1.0204 1.0218 1.0225 1.0237 1.0212 1.0155 1.0213 1.0217 1.0147 1.0199 
0.510 1.0380 0.9963 1.0258 1.0150 0.9993 1.0123 1.0184 1.0198 1.0205 1.0217 1.0194 1.0130 1.0195 1.0195 1.0120 1.0175 
0.200 1.0363 0.9968 1.0253 1.0154 1.0006 1.0118 1.0174 1.0192 1.0193 1.0205 1.0194 1.0129 1.0195 1.0188 1.0113 1.0160 
0.050 1.0334 1.0024 1.0287 1.0219 1.0136 1.0155 1.0203 1.0230 1.0212 1.0222 1.0247 1.0205 1.0250 1.0229 1.0176 1.0185 
0.020 1.0178 1.0036 1.0181 1.0152 1.0135 1.0104 1.0129 1.0149 1.0130 1.0135 1.0165 1.0153 1.0168 1.0151 1.0130 1.0119 
  
Concrete Index  
17 18 19 20 21 22 23 24 25 26 27 28 30 31 32  
18.81 1.0307 1.0207 1.0254 1.0254 1.0247 1.0259 1.0228 1.0293 1.0342 1.0291 1.0318 1.0484 1.0367 1.0334 1.0404  
10.0 1.0330 1.0207 1.0265 1.0250 1.0249 1.0256 1.0234 1.0299 1.0366 1.0303 1.0337 1.0519 1.0378 1.0342 1.0426  
4.90 1.0340 1.0205 1.0269 1.0242 1.0247 1.0249 1.0232 1.0297 1.0372 1.0305 1.0342 1.0528 1.0380 1.0346 1.0430  
2.30 1.0337 1.0187 1.0256 1.0224 1.0231 1.0231 1.0215 1.0283 1.0361 1.0292 1.0330 1.0527 1.0369 1.0336 1.0423  
1.00 1.0318 1.0151 1.0224 1.0190 1.0197 1.0198 1.0179 1.0252 1.0332 1.0260 1.0300 1.0512 1.0339 1.0309 1.0401  
0.510 1.0304 1.0129 1.0203 1.0167 1.0175 1.0176 1.0157 1.0232 1.0310 1.0238 1.0279 1.0498 1.0318 1.0290 1.0384  
0.200 1.0289 1.0119 1.0189 1.0149 1.0162 1.0158 1.0142 1.0213 1.0289 1.0221 1.0260 1.0471 1.0299 1.0273 1.0360  
0.050 1.0266 1.0154 1.0200 1.0153 1.0181 1.0161 1.0161 1.0204 1.0267 1.0222 1.0248 1.0398 1.0283 1.0259 1.0313  
0.020 1.0142 1.0104 1.0119 1.0092 1.0113 1.0096 1.0102 1.0114 1.0145 1.0129 1.0138 1.0196 1.0156 1.0142 1.0159  
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Fig. 30. keff of Infinite Extent Slab Water Reflected Critical Systems Reflected by Concrete  
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Fig. 31. keff of Infinite Length Cylindrical Water Reflected Critical Systems Reflected by Concrete  
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Fig. 32. keff of Spherical Water Reflected Critical Systems Reflected by Concrete  
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Table LIII 
Ranking of Concrete Reflectors from Highest to Lowest keff 
Slab 
  
Cylinder 
  
Sphere 
Uranium Density (g U/cm3) Uranium Density (g U/cm3) Uranium Density (g U/cm3) 
18.81 10.00 4.90 2.30 1.00 0.510 0.200 0.050 0.020 18.81 10.00 4.90 2.30 1.00 0.510 0.200 0.050 0.020 18.81 10.00 4.90 2.30 1.00 0.510 0.200 0.050 0.020 
3 3 3 3 3 3 3 3 3 28 28 28 28 28 28 28 28 3 28 28 28 28 28 28 28 28 28 
12 12 12 12 12 13 13 13 13 3 3 3 3 3 3 3 3 28 32 32 32 32 32 32 1 1 3 
13 13 13 13 13 12 12 12 12 1 1 1 1 1 1 1 1 13 30 1 1 1 1 1 32 32 1 
5 5 5 5 11 11 11 11 11 30 30 13 13 13 13 13 13 11 1 30 30 30 30 30 30 3 13 
11 11 11 11 5 5 5 5 5 32 32 32 32 32 32 11 11 1 25 25 25 25 25 25 25 30 11 
28 28 28 28 28 28 28 28 28 13 13 30 11 11 11 32 12 12 31 31 31 17 17 17 17 25 32 
14 14 14 14 4 4 4 4 4 12 11 11 30 30 30 30 32 4 27 27 27 31 31 31 31 17 30 
4 4 4 4 14 14 1 1 1 11 12 12 12 12 12 12 30 14 17 17 17 27 27 27 27 31 12 
1 1 1 1 1 1 14 14 14 14 14 14 14 14 14 14 4 5 24 26 26 3 3 3 3 13 4 
8 8 8 8 8 8 8 8 8 25 25 25 25 25 25 25 14 8 26 24 3 26 26 26 26 27 14 
15 15 15 15 15 15 15 30 30 31 8 8 8 8 8 8 8 30 22 3 24 24 24 24 24 11 8 
30 30 30 30 30 30 30 15 15 8 31 31 31 4 4 4 25 32 10 10 10 10 10 10 10 8 25 
25 25 32 32 32 32 32 32 32 27 27 27 27 31 31 31 31 25 19 19 19 9 9 9 13 14 17 
32 32 25 25 25 25 25 25 25 15 15 4 4 27 27 27 5 15 20 9 9 19 19 19 11 26 31 
27 27 27 27 27 10 10 10 10 26 4 15 17 17 17 17 17 31 9 22 14 14 8 8 9 10 27 
31 31 31 10 10 27 31 31 31 10 26 17 15 10 10 10 27 17 21 16 8 8 14 14 8 4 10 
10 10 10 31 31 31 27 27 27 4 10 10 10 15 26 26 10 27 16 14 16 13 13 13 19 9 5 
7 7 7 7 7 7 7 7 7 17 17 26 26 26 15 5 15 10 3 20 22 11 11 11 14 12 9 
16 9 9 9 9 9 9 9 9 9 9 5 5 5 9 15 9 9 14 21 21 16 7 7 7 24 15 
26 16 16 26 26 26 26 17 17 5 5 9 9 9 5 9 26 7 23 8 7 7 16 22 21 7 26 
9 26 26 16 16 16 16 26 26 16 16 7 7 7 7 7 7 26 7 7 11 22 22 16 16 19 7 
19 19 17 17 17 17 17 16 16 7 7 16 16 16 16 16 16 16 8 23 13 21 21 21 22 16 19 
17 17 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 19 18 11 20 20 20 20 4 21 16 
21 21 21 21 21 21 21 21 21 24 24 24 24 24 24 24 24 21 11 13 23 23 23 23 20 15 24 
18 18 18 18 18 18 18 18 18 21 21 21 21 21 21 21 21 24 13 18 15 12 4 4 23 22 21 
24 24 24 24 24 24 24 24 24 18 23 23 23 23 23 23 18 18 15 15 12 4 12 12 12 23 6 
23 23 23 23 23 23 23 6 6 23 18 18 18 18 18 18 23 6 12 12 18 15 18 18 18 6 18 
6 6 6 6 6 6 6 23 23 22 22 22 22 22 22 6 6 23 6 6 4 18 15 6 6 18 23 
22 22 22 22 22 22 22 22 22 20 20 20 20 6 6 22 22 22 4 4 6 6 6 15 15 20 22 
20 20 20 20 20 20 20 20 20 6 6 6 6 20 20 20 20 20 5 5 5 5 5 5 5 5 20 
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 
 
 101 
 
When thick concrete replaces thick water as a reflector it is indicated to be more effective, with a few 
exceptions, by the results shown in Fig. 30 through Fig. 32.  The exceptions are for spherical geometry 
where two concrete compositions in the study set result in keff values less than 1.0 over part of the 
uranium concentration range.  In slab and cylindrical geometry at uranium concentrations below about 
0.200 g U/cm3 many of the concrete compositions exhibit a relatively rapid decrease, behavior similar to 
k∞ (see Fig. 2).  In slab geometry, the more effective concrete compositions exhibit a “dip” between 1.00 
and 10.0 g U/cm3 that is also somewhat similar to the behavior of k∞ in that uranium concentration range. 
 
Concrete Constituents Effectiveness 
 
Sensitivity coefficients were computed using the keff = 1.0 dimensions for each geometry, concrete 
composition, and fissile system from Table XL, Table XLI, and Table XLII.  As necessary, sensitivity 
coefficients for each element were determined as the sum of those for each of its isotopes.  The values of 
Δ Δ⁄  were computed for each element and are shown in Appendix B  for slab systems, Appendix C 
for cylindrical systems, and Appendix D for spherical systems.  Average values and associated standard 
deviations of Δ Δ⁄  are also shown in the appendices and are used to determine the effects of the 13 
elemental constituents of concrete that were considered. 
 
For each of the 13 elements considered, the average values of Δ Δ⁄  are plotted as a function of 
uranium concentration for each geometry.  The error bars shown in the plots are one standard deviation.  
If the Δ Δ⁄  values in the range from the average plus two standard deviations and the average minus 
two standard deviations are all positive then Δ Δ⁄  is considered to be positive.  Similarly, if the 
values in the range are all negative then Δ Δ⁄  is considered to be negative.  If one end of the range 
is positive and the other negative then Δ Δ⁄  is described as slightly positive or slightly negative 
depending on the sign of the average.  The seven elements that concrete is expected to contain from the 
cement component are discussed first followed by the remaining six elements considered.  All the plots 
have one common characteristic: as the uranium density is reduced, particularly below 0.100 g U/cm3, the 
Δ Δ⁄  values tend toward zero.  That behavior is expected.  Note in Table XXXVIII that the leakage 
fractions are reduced somewhat quickly at uranium concentrations less than 0.100 g U/cm3 indicating that 
the effect of reflection is decreasing as uranium concentration is reduced. 
 
At the beginning of the descriptions that follow for each of the 13 concrete constituents, the atomic 
number, Z, and the microscopic thermal scattering and absorption cross sections, σs and σa, respectively, 
are shown for convenience.  The cross sections are expressed in barns and the data were taken from Ref. 
104 where σs is described as "total bound scattering cross section" and σa is described as "absorption cross 
section for 2200 m/s neutrons." 
 
Hydrogen 
 
For hydrogen, Z = 1, σs = 82.02, and σa = 0.3326.  Hydrogen is present in all 31 concrete compositions in 
the study set and its average Δ Δ⁄  values are shown in Fig. 33 as a function of uranium 
concentration.  In slab systems, the average value of Δ Δ⁄  is negative for all uranium 
concentrations.  In cylindrical systems, the average value of Δ Δ⁄  is generally slightly negative for 
all uranium concentrations.  In spherical systems, Δ Δ⁄  is slightly negative at a uranium 
concentration of 0.020 g U/cm3, approximately zero at 0.051 g U cm3, and positive for uranium  
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Fig. 33. Average Values of ∆keff /∆N for Hydrogen 
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concentrations greater than about 0.100 g U/cm3.  These results indicate that small increases in hydrogen 
atomic number density will generally cause a reduction in keff for slab systems, a nil change to slight 
reduction in keff for cylindrical systems, and a nil change to slight increase in keff for spherical systems. 
 
Oxygen 
 
For oxygen, Z = 8, σs = 4.232, and σa = 0.00019.  Oxygen is present in all 31 concrete compositions in the 
study set and its average Δ Δ⁄  values are shown in Fig. 34 as a function of uranium concentration.  
The behavior in all three geometries is similar and Δ Δ⁄  is positive for all uranium concentrations.  
These results indicate that small increases in oxygen atomic number density will cause an increase in keff 
for three geometries. 
 
Aluminum 
 
For aluminum, Z = 13, σs = 1.503, and σa = 0.231.  Aluminum is present in 30 of the 31 concrete 
compositions in the study set and its average Δ Δ⁄  values are shown in Fig. 35 as a function of 
uranium concentration.  In slab systems, the average value of Δ Δ⁄  is slightly negative at uranium 
concentrations less than about 5 g U/cm3 and becomes slightly positive at higher uranium concentrations.  
In cylindrical and spherical systems, Δ Δ⁄  is positive for all uranium concentrations greater than 
0.02 g U/cm3 and gradually increases with uranium concentration.  These results indicate that small 
increases in aluminum atomic number density will generally have small negative effects on keff for slab 
systems and positive effects on keff for cylindrical and spherical systems. 
 
Silicon 
 
For silicon, Z = 14, σs = 2.167, and σa = 0.171.  Silicon is present in all 31 concrete compositions in the 
study set and its average Δ Δ⁄  values are shown in Fig. 36 as a function of uranium concentration.  
In slab systems, the average value Δ Δ⁄  is approximately zero and tends toward slightly positive 
beginning at about 0.5 g U/cm3.  The value gradually increases with increasing uranium concentration.  In 
cylindrical and spherical systems, Δ Δ⁄  is positive for all uranium concentrations greater than about 
0.02 g U/cm3 and generally exhibits gradual increase with increasing uranium concentration.  These 
results indicate that small increases in silicon atomic number density will generally have nil to slightly 
positive effects on keff for slab systems and positive effects on keff for cylindrical and spherical systems. 
 
Sulfur 
 
For sulfur, Z = 16, σs = 1.026, and σa = 0.53.  Sulfur is present in 19 of the 31 concrete compositions in 
the study set and its average Δ Δ⁄  values are shown in Fig. 37 as a function of uranium 
concentration.  In slab systems, the average value of Δ Δ⁄  is negative for all uranium 
concentrations.  In cylindrical systems, Δ Δ⁄  is negative at uranium concentrations less than about 
5 g U/cm3 and slightly negative for higher uranium concentrations.  In spherical systems, Δ Δ⁄  is 
negative at uranium concentrations less than about 0.05 g U/cm3 and transitions to positive over the span 
from about 0.05 g U/cm3 to about 5 g U/cm3.  Its value is positive at uranium concentrations greater than 
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Fig. 34. Average Values of ∆keff /∆N for Oxygen 
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Fig. 35. Average Values of ∆keff /∆N for Aluminum 
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Fig. 36. Average Values of ∆keff /∆N for Silicon 
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Fig. 37. Average Values of ∆keff /∆N for Sulfur 
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about 5 g U/cm3.  These results indicate that small increases in sulfur concentration will generally cause a 
reduction in keff for slab systems, very small generally negative change for cylindrical systems, and very 
small changes in either direction in spherical systems. 
 
Calcium 
 
For calcium, Z = 20, σs = 2.83, and σa = 0.43.  Calcium is present in all the concrete compositions in the 
study set and its average Δ Δ⁄  values are shown in Fig. 38 as a function of uranium concentration.  
In slab systems, the average value of Δ Δ⁄  is negative for all uranium concentrations.  In cylindrical 
systems, Δ Δ⁄  is negative at 0.02 g U/cm3 and is slightly negative at higher uranium concentrations.  
In spherical systems, Δ Δ⁄  is slightly negative at 0.020 g U/cm3 and transitions through zero at 
about 0.050 g U/cm3 to positive at uranium concentrations greater than about 0.200 g U/cm3.  These 
results indicate that small increases in calcium atomic number density will cause a reduction in keff for 
slab systems, nil to slightly negative change for cylindrical systems, and nil to slightly positive change at 
uranium concentrations greater than about 0.200 g U/cm3 in spherical systems. 
 
Iron 
 
For iron, Z = 26, σs = 11.62, and σa = 2.56.  Iron is present in 30 of the 31 concrete compositions in the 
study set and its average Δ Δ⁄  values are shown in Fig. 39 as a function of uranium concentration.  
In all three geometries, the average value of Δ Δ⁄  is negative except for spherical systems at the 
highest uranium concentration.  Small changes in iron content are most effective in slab systems, next 
most effective in cylindrical systems, and least effective in spherical systems.  These results indicate that 
small increases in iron atomic number density will generally cause a reduction in keff for all geometries 
except for spherical systems at the highest uranium concentrations. 
 
Carbon 
 
For carbon, Z = 6, σs = 5.551, and σa = 0.00350.  Carbon is present in 18 of the 31 concrete compositions 
in the study set and its average Δ Δ⁄  values are shown in Fig. 40 as a function of uranium 
concentration.  The average value of Δ Δ⁄  is positive for all geometries and uranium concentrations.  
These results indicate that small increases in carbon atomic number density will cause keff to increase for 
all geometries and uranium concentrations.  
 
Sodium 
 
For sodium, Z = 11, σs = 3.28, and σa = 0.53.  Sodium is present in 26 of the 31 concrete compositions in 
the study set and its average Δ Δ⁄  values are shown in Fig. 41 as a function of uranium 
concentration.  In slab geometry, the average value of Δ Δ⁄  is negative for all uranium 
concentrations.  In cylindrical systems, Δ Δ⁄  is positive for uranium concentrations greater than 
about 0.510 g U/cm3 and slightly positive at lower uranium concentrations as it diminishes to 
approximately zero at 0.020 g U/cm3.  In spherical systems, Δ Δ⁄  is positive for uranium 
concentrations greater than about 0.050 g U/cm3 and diminishes to approximately zero at 0.020 g U/cm3.
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Fig. 38. Average Values of ∆keff /∆N for Calcium 
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Fig. 39. Average Values of ∆keff /∆N for Iron 
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Fig. 40. Average Values of ∆keff /∆N for Carbon 
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Fig. 41. Average Values of ∆keff /∆N for Sodium 
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These results indicate that small increases in sodium atomic number density will generally cause a 
reduction in keff for slab geometry and nil to slightly positive change with increasing uranium 
concentration in cylindrical and spherical systems. 
 
Magnesium 
 
For magnesium, Z = 12, σs = 3.71, and σa = 0.063.  Magnesium is present in 25 of the 31 concrete 
compositions in the study set and its average Δ Δ⁄  values are shown in Fig. 42 as a function of 
uranium concentration.  The average value of Δ Δ⁄  is positive for all geometries and uranium 
concentrations.  These results indicate that small increases in magnesium atomic number density will 
cause keff to increase for all geometries and uranium concentrations.  
 
Potassium 
 
For potassium, Z = 19, σs = 1.96, and σa = 2.1.  Potassium is present in 23 of the 31 concrete compositions 
in the study set and its average Δ Δ⁄  values are shown in Fig. 43 as a function of uranium 
concentration.  The average value of Δ Δ⁄  is negative for all geometries and uranium 
concentrations.  These results indicate that small increases in potassium atomic number density will cause 
keff to decrease for all geometries and uranium concentrations.  
 
Titanium 
 
For titanium, Z = 22, σs = 4.35, and σa = 6.09.  Titanium is present in 9 of the 31 concrete compositions in 
the study set and its average Δ Δ⁄  values are shown in Fig. 44 as a function of uranium 
concentration.  The averagevalue of Δ Δ⁄  is negative for all geometries and uranium concentrations.  
These results indicate that small increases in titanium atomic number density will cause keff to decrease 
for all geometries and uranium concentrations.  
 
Manganese 
 
For manganese, Z = 25, σs = 2.15, and σa = 13.3.  Manganese is present in 8 of the 31 concrete 
compositions in the study set and its average Δ Δ⁄  values are shown in Fig. 45 as a function of 
uranium concentration.  The average value of Δ Δ⁄  is negative for all geometries and uranium 
concentrations.  These results indicate that small increases in manganese atomic number density will 
cause keff to decrease for all geometries and uranium concentrations.  
 
Summary 
 
Carbon, oxygen, and magnesium have positive values of Δ Δ⁄  for all geometries and uranium 
concentrations and will thus cause an increase in keff when their atomic number densities are increased.  
Conversely, potassium, titanium, manganese, and iron have negative values of Δ Δ⁄  for all 
geometries and uranium concentrations and will thus cause a decrease in keff when their atomic number 
densities are increased.  The overall behavior of Δ Δ⁄  as a function of uranium concentration is 
somewhat similar for hydrogen, sodium, aluminum, silicon, sulfur, potassium, and calcium.  For these 
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Fig. 42. Average Values of ∆keff /∆N for Magnesium 
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Fig. 43. Average Values of ∆keff /∆N for Potassium 
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Fig. 44. Average Values of ∆keff /∆N for Titanium 
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Fig. 45. Average Values of ∆keff /∆N for Manganese 
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elements, the values of Δ Δ⁄  for slab systems are generally negative and well below those for 
cylindrical and spherical systems.  In cylindrical systems Δ Δ⁄ : (1) for sodium, aluminum, and 
silicon is generally positive and increases with uranium concentration; and (2)  for hydrogen, sulfur, 
potassium, and calcium  is generally negative.  In spherical systems Δ Δ⁄ : (1) for hydrogen, sodium, 
aluminum, silicon, and calcium is generally positive; (2) for sulfur is essentially zero; and (3) for 
potassium is generally negative. 
 
These results are summarized in Table LIV which is arranged in ascending order of microscopic 
absorption cross section.  Study of Table LIV suggests that elements with small microscopic absorption 
cross sections and relatively low atomic numbers contribute to positive Δ Δ⁄  values while those 
with larger microscopic absorption cross sections or relatively low scattering to absorption ratios 
contribute to negative Δ Δ⁄  values.   
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Table LIV 
Summary of Results 
Element Atomic Number 
Thermal 
Microscopic 
Scattering Cross 
Section (barns) 
Thermal 
Microscopic 
Absorption Cross 
Section (barns) 
σs / σa 
Sign of Average Value of ∆keff⁄∆N 
(keff • barn • cm)/atom) 
All Geometries 
and U 
Concentrations 
Slab 
Geometry 
Cylindrical 
Geometry 
Spherical 
Geometry 
O 8 4.232 0.00019 22274 
positive 
  
  
  
  
  
  
  
  
  
C 6 5.551 0.0035 1586 
Mg 12 3.71 0.063 58.9 
Si 14 2.167 0.171 12.7   
positive at 
>0.50 g 
U/cm3 
positive positive 
Al 13 1.503 0.231 6.51   positive at 
>5 g U/cm3 positive positive 
H 1 82.02 0.3326 247   negative negative 
positive at 
>0.050 g 
U/cm3 
Ca 20 2.83 0.43 6.58   negative negative at 
<18.8 g U/cm3 
positive at 
>0.035 g 
U/cm3 
Na 11 3.28 0.53 6.19   negative positive at 
>0.03 g U/cm3 
positive at 
>0.02 g U/cm3 
S 16 1.026 0.53 1.94   negative negative positive at 
>1 g U/cm3 
K 19 1.96 2.1 0.93 
negative 
  
  
  
  
  
  
  
  
  
  
  
  
Fe 26 11.62 2.56  
Ti 22 4.35 6.09  
Mn 25 2.15 13.3  
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6.0 CONCLUSIONS 
 
Thirty-one of 32 concrete compositions derived from analyses of materials used in nuclear criticality 
experiments at various laboratories in the United States, United Kingdom, France, and Japan have been 
used to explore the effects of concrete composition on neutron multiplication.  There is an assumption 
that the compositions reasonably represent the range likely to be encountered in nuclear criticality safety 
practice.  Most analytical studies of concrete as a reflector have confined themselves to a limited 
concentration/moderation range and a limited number of geometries.  The information developed herein is 
comprehensive and considered helpful in several ways. 
 
• From an extensive literature survey, the densities and compositions of concrete that have been 
used in experiments and technical studies have been compiled, compared, and arranged for 
convenient reference and use. 
• The effects of 13 elements in thick concrete reflectors on keff have been quantized for the three 
basic one-dimensional geometries for the 235U concentration range over which criticality is 
possible.  Seven of the elements are expected to be present in concrete from the cement 
component. 
• Use of TSUNAMI-1D, which is less tedious and labor intensive than direct perturbation, was 
demonstrated for derivation of Δ/Δ. 
 
Characteristics of thick concrete neutron reflection derived from this study include: 
• concrete mass density ranges from 1.98 g/cm3 (Concrete Index 2) to 2.416 g/cm3 (Concrete Index 
30) 
• all concrete compositions contain hydrogen, oxygen, silicon, and calcium; most concrete 
compositions contain aluminum (31 of 32), sulfur (20 of 32), iron (31 of 32) as would be 
expected from the cement component.  Most also contain carbon (19 of 32), sodium (27 of 32), 
magnesium (26 of 32), and potassium (24 of 32).  Some concrete compositions contain titanium 
(9 of 32) and manganese (9 of 32). 
• the atom fraction ranges of the 10 principal elemental constituents of concrete are: 
 
Element Element atom fraction low high 
H 0.0597 0.3705 
C 0.0001 0.2535 
O 0.4371 0.6041 
Na 0.0002 0.0338 
Mg 0.0007 0.0703 
Al 0.0038 0.0399 
Si 0.0115 0.2447 
K 0.0001 0.0093 
Ca 0.0182 0.1874 
Fe 0.0009 0.0159 
 
• in all cases, an increase in carbon, oxygen, or magnesium atomic number density will cause an 
increase in keff 
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• in all cases, an increase in potassium, titanium, manganese or iron atomic number density will 
cause a decrease in keff 
• an increase in hydrogen, sodium, aluminum, silicon, sulfur, potassium, or calcium atomic number 
density will generally reduce keff in slab systems 
• an increase in sodium, aluminum, or silicon atomic number density will generally increase keff in 
cylindrical systems 
• an increase in hydrogen, sulfur, potassium, or calcium atomic number density will generally 
decrease keff in cylindrical systems 
• an increase in hydrogen, sodium, aluminum, silicon, or calcium atomic number density is will 
generally increase keff in spherical systems 
• in spherical systems, sulfur has little effect 
• an increase in potassium atomic number density will generally decrease keff in spherical systems 
 
Because nuclear criticality safety practitioners are usually interested in selections that will maximize 
neutron multiplication, Concrete Index 28 was the composition that did so for spherical and infinite 
length cylindrical systems and Concrete Index 3 did so for infinite extent slab systems. 
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7.0 FUTURE WORK 
 
There are several paths that can be explored based on this initial work. 
1. Expand the study set to include additional ordinary concrete compositions to support or extend 
the results. 
2. Extend the study set by considering radiation shielding concretes – many of them seem to use 
iron containing aggregate and the finding herein that iron always has a negative sensitivity 
coefficient in ordinary concrete compositions may mean that higher density shielding concretes 
are less effective than ordinary concretes as a thick reflector 
3. Find reason(s) for the differences among spherical, cylindrical, and slab systems; i.e., determine 
why elements such as hydrogen, calcium, and sodium have positive sensitivity coefficients in 
some geometries and negative ones in other geometries at the same uranium concentration. 
4. Structural concrete typically contains reinforcing steel (iron) – it is probably not proper to 
homogenize it with the concrete in a physics model and some exploration of the effects of 
heterogeneously present iron needs to be done. 
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Historical Evolution and Derivation of Expression for keff Sensitivity 
 
Although the original reference [CP-3048, Wigner, 1945] is not readily available, there is some indication 
that Eugene Wigner was instrumental in early sensitivity work.  Quoting from Ref. 104: 
 
“Wigner was the first to point out, in Paper 36 [E. P. Wigner, ‘Effect of Small Perturbations on 
Pile Period,’ CP-3048 (June 13, 1945)], that the multigroup reactor equations were not self-
adjoint.  Thus the effect of a poison on the multiplication constant was proportional in general to 
the product of the neutron flux and its adjoint, not to the square of the flux as had been assumed 
before Paper 35 [E. P. Wigner, ‘Use of the Pile Oscillator for the Measurement of Pile Constants,’ 
CP-G-3066 (June 23, 1945)] appeared.  Of course in a large uniform reactor, the adjoint is 
everywhere proportional to the flux, so the simple recipe was usually valid; however, in small 
enriched reactors, the adjoint is no longer proportional to the flux, and the adjoint has to be 
computed separately.” 
 
Derivation of sensitivity coefficient expressions generally starts with citation of Ref. 105 which, along 
with subsequent publications in Refs. 106through 109 shows an evolution of theory and methods 
development.  Applications begin to appear in Ref. 110 followed by Refs. 111 and 112.  In Ref. 113, 
some conditions not treated by theory were described that could lead to discrepancies under some 
conditions involving resonance nuclides.  Quoting from Ref. 113: 
 
“The self-shielding coefficients (or f-factors) account for the effect of the fluctuations in the 
neutron spectrum, caused by the resonance structure of the cross section in an energy scale which is 
much finer than the group width, on the group constants.  A change in the resonance parameters (as 
well as in the background cross section) affects, in principle, the fine structure details of the flux 
spectrum and, through it, also the group constants.  We shall refer to these effects on the group 
constants as spectral fine structure effects (SFSE).” 
 
Treatment of resonance shielded materials is developed in Ref. 114 which describes a sensitivity 
coefficient as having two components: explicit and implicit.  The explicit component can be evaluated 
using conventional eigenvalue perturbation theory applied to parameters appearing explicitly in the 
multigroup neutron balance equation.  The implicit component involves parameters that do not appear 
explicitly in the multigroup balance equation but do perturb self-shielded multigroup neutron cross 
sections. 
 
Implementation of explicit and implicit sensitivity coefficients is described in Ref. 115 and a very good 
description of the nature of the explicit and implicit components appears in Ref. 116: 
 
“The explicit component . . . comes from the flux perturbation caused by perturbing any multi-
group cross section appearing explicitly in the transport equation.  The implicit component . . . is 
associated with self-shielding perturbations; in other words perturbing the cross section of one 
nuclide may change the self-shielded cross section of another nuclide, which causes additional flux 
perturbations.  As an example if one considers the hydrogen, perturbing the H elastic value has an 
explicit effect because the flux is perturbed due to changes in H moderation. However there is also 
an implicit effect because changing the H data perturbs the self-shielded 238U absorption cross 
section, which causes another flux perturbation.” 
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The time independent Boltzmann Transport Equation is expressed as: 
 
 Ω778 ∙ ∇78;<8, =, Ω> + Σ?/<8, =2;<8, =, Ω>
− @ %=A
B

@ ΣC
DE

<8, =A
→ =,ΩAG ⋅ Ω>;<8, =A, ΩAG%ΩAG
− I/=2@ %=A
B

@ J
DE

Σ/<8, =A2;<8, =A, ΩAG%Ω>
= 0 
(A-1) 
 
where the symbols have the meanings: 
 
Ω778 direction vector 
  
∇78 gradient operator 
  
;<8, =, Ω> angular flux as a function of position (<27778, energy (E), and direction (Ω>) 
  
Σ?/<8, =2 total cross section at position <8 and energy = 
  
ΣC<8, =A → =,ΩAG ⋅ Ω> scattering cross section at position <8 for energy change from =A to = and 
direction change from ΩAG to Ω> 
  
I/=2 energy distribution of neutrons released by fission (number per unit energy) 
  
J/=2 mean number of neutrons released from fission by neutrons with energy E 
  
Σ/<8, =A2 fission cross section at position <8for neutrons with energy =A 
 
Making the substitutions: 
 
 
 = Ω778 ∙ ∇78 + Σ?/<8, =2 − @ %=A
B

@ ΣC
DE

<8, =A → =,ΩAG ⋅ Ω>%ΩAG (A-2) 
 
and  
 
 K = I/=2@ %=A
B

@ J/=2
DE

Σ/<8, =A2%ΩAG (A-3) 
 
The Boltzmann Transport Equation can be written in operator notation as: 
 
 L
 − MKN; = 0 (A-4) 
 
where: 
 
λ = the eigenvalues; the largest = 1/keff 
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Define small changes or perturbations as: 
 
 
A = 
 + O
 (A-5) 
 
 KA = K + OK (A-6) 
 
 MA = M + OM (A-7) 
 
where O
 and OK are small linear perturbations and OM is the resulting change in the eigenvalues.  The 
perturbed Boltzmann Transport Equation is then: 
 
 L
A − MAKAN;A = 0 (A-8) 
 
The adjoint flux is ;P and the equation that is adjoint to the Boltzmann Transport Equation is: 
 
 Q
P − MKPR;P = 0 (A-9) 
 
where 
P and KP are the adjoint operators corresponding to A and B, respectively. 
 
Multiply the perturbed Boltzmann Transport Equation by the adjoint flux and integrate over all of phase 
space (the symbol 〈TUV<TWWXYZ〉 means integrate the expression over all of phase space [volume, energy, 
and direction]) : 
 
 〈;PL
A − MAKAN;A〉 = 0 (A-10) 
 
Substitute the expressions for perturbations: 
 
 〈;PL
 + O
 − /M + OM2/K + OK2N;A〉 = 0 (A-11) 
 
 〈;PL
 + O
 − /MK + MOK + KOM + OKOM2N;A〉 = 0 (A-12) 
 
Ignore the product of two infinitesimals: 
 
 〈;PL
 − MKN;A〉 + 〈;PLO
 − MOK − KOMN;A〉 = 0 (A-13) 
 
Use the property of adjointness: 
 
 〈;PL
 − MKN;A〉 = 〈;AQ
P − MKPR;P〉 (A-14) 
 
And Equation (A-9): 
 
 〈;PLO
 − MOK − KOMN;A〉 = 0 (A-15) 
 
Substitute ; for ;A recognizing that small perturbations do not cause significant perturbations in the flux 
solution.  Also note that M and OM are scalars and can be moved outside the integration: 
 
 〈;PLKδλN;〉 = 〈;PLO
 − MOKN;〉 (A-16) 
 
 OM〈;PLKN;〉 = 〈;PLO
 − MOKN;〉 (A-17) 
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 OM = 〈;
PLO
 − MOKN;〉
〈;PLKN;〉  (A-18) 
 
 
OM
M =
〈;PLO
 − MOKN;〉
〈;PLMKN;〉  (A-19) 
 
The sensitivity of M to a small change in a macroscopic neutron cross section, Σ^, at some point r in phase 
space is: 
 
 
OM MOΣ Σ^
= Σ^M
〈;P _ O
OΣ^ − M
OK
OΣ^` ;〉
〈;PLKN;〉  (A-20) 
 
Because M = 1  , OM M = −O  : 
 
 
O OΣ Σ^
= −Σ^
〈;P _ O
OΣ^ −
1

OK
OΣ^` ;〉
〈;P a 1b Kc;〉
 
(A-21) 
 
Equation (A-21) is the definition of the sensitivity coefficient,  ,(d. 
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Table B-I 
Δ Δ⁄  for Hydrogen in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -7.1928 -7.4747 -7.7675 -8.1969 -8.7519 -9.0827 -9.0900 -6.9311 -2.6758 
2 -2.6858 -2.6936 -2.6689 -2.6693 -2.6945 -2.6803 -2.5355 -1.7704 -0.6316 
3 -10.8768 -11.4630 -12.0517 -12.9103 -14.0471 -14.7675 -14.9430 -11.4591 -4.4400 
4 -8.7828 -9.2367 -9.6692 -10.2873 -11.0858 -11.5546 -11.5572 -8.7384 -3.3472 
5 -9.5188 -9.9325 -10.3775 -10.9885 -11.7657 -12.2450 -12.3116 -9.4484 -3.6604 
6 -5.0075 -5.1324 -5.2281 -5.3770 -5.5744 -5.6491 -5.4789 -3.9942 -1.4842 
7 -6.5082 -6.7192 -6.9058 -7.1767 -7.5197 -7.6806 -7.5117 -5.5403 -2.0858 
8 -7.8081 -8.1074 -8.4037 -8.8277 -9.3681 -9.6683 -9.5910 -7.2192 -2.7591 
9 -6.4472 -6.6585 -6.8439 -7.1147 -7.4573 -7.6154 -7.4417 -5.4751 -2.0564 
10 -6.4709 -6.6803 -6.8711 -7.1502 -7.5046 -7.6760 -7.5234 -5.5677 -2.1009 
11 -9.4087 -9.8844 -10.3634 -11.0409 -11.9178 -12.4556 -12.5274 -9.5641 -3.6922 
12 -9.5620 -9.9942 -10.4409 -11.0452 -11.8113 -12.2790 -12.3202 -9.4211 -3.6423 
13 -9.7464 -10.2604 -10.7804 -11.5129 -12.4637 -13.0523 -13.1625 -10.0757 -3.8968 
14 -8.4669 -8.8231 -9.1663 -9.6454 -10.2480 -10.5829 -10.4852 -7.8589 -2.9928 
15 -8.2709 -8.5744 -8.8437 -9.2140 -9.6708 -9.8850 -9.6659 -7.1225 -2.6770 
16 -6.4738 -6.6478 -6.7860 -6.9877 -7.2410 -7.3334 -7.0956 -5.1611 -1.9226 
17 -5.2919 -5.4625 -5.6210 -5.8557 -6.1569 -6.3107 -6.2133 -4.6314 -1.7572 
18 -5.2919 -5.3801 -5.4376 -5.5491 -5.7135 -5.7743 -5.5945 -4.0944 -1.5250 
19 -5.5267 -5.6425 -5.7372 -5.8857 -6.0767 -6.1468 -5.9583 -4.3575 -1.6323 
20 -4.5744 -4.6449 -4.6782 -4.7487 -4.8487 -4.8558 -4.6325 -3.2972 -1.2037 
21 -5.3333 -5.4244 -5.4915 -5.6147 -5.7897 -5.8576 -5.6849 -4.1715 -1.5561 
22 -4.6312 -4.7020 -4.7385 -4.8142 -4.9217 -4.9353 -4.7174 -3.3693 -1.2331 
23 -5.2388 -5.3533 -5.4264 -5.5445 -5.6997 -5.7378 -5.5111 -3.9646 -1.4589 
24 -4.9491 -5.0325 -5.0918 -5.1952 -5.3329 -5.3716 -5.1760 -3.7509 -1.3888 
25 -6.0956 -6.2286 -6.3512 -6.5350 -6.7683 -6.8728 -6.7097 -4.9726 -1.8843 
26 -5.8533 -5.9774 -6.0858 -6.2521 -6.4653 -6.5504 -6.3634 -4.6745 -1.7577 
27 -5.9839 -6.1148 -6.2335 -6.4124 -6.6408 -6.7384 -6.5679 -4.8530 -1.8336 
28 -6.9998 -7.2355 -7.5047 -7.9075 -8.4344 -8.7668 -8.8180 -6.7991 -2.6525 
30 -6.5504 -6.7070 -6.8753 -7.1277 -7.4492 -7.6192 -7.5058 -5.6312 -2.1518 
31 -5.8757 -6.0009 -6.1281 -6.3254 -6.5789 -6.6992 -6.5587 -4.8723 -1.8482 
32 -5.9803 -6.1467 -6.3138 -6.5639 -6.8833 -7.0507 -6.9508 -5.2079 -1.9875 
average -6.6904 -6.9141 -7.1252 -7.4347 -7.8349 -8.0482 -7.9420 -5.9353 -2.2560 
std. dev. 1.8395 1.9832 2.1390 2.3512 2.6236 2.8073 2.9012 2.2875 0.9047 
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Table B-II 
Δ Δ⁄  for Carbon in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.7649 2.8044 2.8678 2.9897 3.1416 3.2038 3.0908 2.1536 0.7714 
2 2.9149 2.9569 2.9792 3.0421 3.1333 3.1500 2.9853 2.0153 0.6829 
3 2.9643 3.0043 3.0801 3.2325 3.4239 3.5074 3.3871 2.3419 0.8404 
4 3.1656 3.2028 3.2638 3.4002 3.5760 3.6435 3.4956 2.3930 0.8433 
6 2.9255 2.9784 3.0407 3.1559 3.2990 3.3483 3.2054 2.1952 0.7613 
7 2.8668 2.9222 2.9984 3.1347 3.3021 3.3681 3.2402 2.2290 0.7826 
8 2.9464 3.0026 3.0866 3.2356 3.4173 3.4933 3.3714 2.3339 0.8283 
9 2.8152 2.8701 2.9447 3.0791 3.2448 3.3100 3.1828 2.1857 0.7659 
10 2.8320 2.8866 2.9623 3.0972 3.2624 3.3279 3.2028 2.2059 0.7760 
11 3.0476 3.0992 3.1807 3.3343 3.5245 3.6041 3.4748 2.3960 0.8521 
13 3.0617 3.1124 3.1938 3.3486 3.5406 3.6214 3.4912 2.4065 0.8566 
14 2.8954 2.9574 3.0494 3.2095 3.4045 3.4884 3.3705 2.3263 0.8233 
17 2.7994 2.8384 2.8906 2.9956 3.1281 3.1746 3.0438 2.0992 0.7392 
21 2.7793 2.8443 2.9262 3.0577 3.2142 3.2743 3.1502 2.1735 0.7598 
26 2.7651 2.8277 2.9123 3.0472 3.2058 3.2690 3.1533 2.1906 0.7760 
28 2.6817 2.7208 2.7863 2.9049 3.0492 3.1093 3.0071 2.1147 0.7674 
31 2.7782 2.8381 2.9182 3.0456 3.1950 3.2534 3.1370 2.1861 0.7782 
32 2.6829 2.7293 2.7973 2.9161 3.0599 3.1168 3.0059 2.0961 0.7486 
average 2.8715 2.9220 2.9932 3.1237 3.2846 3.3480 3.2220 2.2246 0.7863 
std. dev. 0.1280 0.1269 0.1287 0.1405 0.1590 0.1695 0.1667 0.1125 0.0444 
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Table B-III 
Δ Δ⁄  for Oxygen in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.5438 2.5633 2.6028 2.6978 2.8272 2.8855 2.7979 1.9788 0.7192 
2 2.8325 2.8388 2.8293 2.8634 2.9302 2.9379 2.7827 1.8861 0.6399 
3 2.5840 2.6121 2.6711 2.8010 2.9759 3.0647 2.9917 2.1139 0.7731 
4 2.7889 2.8110 2.8536 2.9657 3.1221 3.1925 3.0893 2.1561 0.7735 
5 2.8568 2.9192 3.0139 3.1745 3.3748 3.4746 3.3949 2.4028 0.8709 
6 2.6909 2.7186 2.7538 2.8395 2.9569 2.9998 2.8806 1.9948 0.6982 
7 2.5906 2.6237 2.6740 2.7806 2.9220 2.9829 2.8834 2.0109 0.7146 
8 2.6095 2.6475 2.7088 2.8301 2.9883 3.0625 2.9760 2.0945 0.7541 
9 2.5466 2.5788 2.6276 2.7324 2.8722 2.9322 2.8329 1.9721 0.6994 
10 2.5528 2.5859 2.6365 2.7425 2.8826 2.9434 2.8469 1.9885 0.7081 
11 2.6468 2.6844 2.7476 2.8773 3.0486 3.1319 3.0488 2.1453 0.7766 
12 2.5988 2.6571 2.7500 2.9077 3.1050 3.2068 3.1432 2.2303 0.8108 
13 2.6495 2.6870 2.7510 2.8826 3.0567 3.1422 3.0604 2.1542 0.7809 
14 2.5536 2.5971 2.6660 2.7975 2.9680 3.0499 2.9684 2.0838 0.7484 
15 2.5542 2.6078 2.6884 2.8312 3.0118 3.0981 3.0146 2.1069 0.7504 
16 2.4957 2.5378 2.5990 2.7139 2.8615 2.9256 2.8308 1.9715 0.6985 
17 2.5429 2.5631 2.5939 2.6744 2.7859 2.8292 2.7251 1.9050 0.6788 
18 2.5603 2.6002 2.6529 2.7545 2.8863 2.9400 2.8354 1.9717 0.6928 
19 2.5425 2.5808 2.6343 2.7350 2.8634 2.9164 2.8173 1.9724 0.7015 
20 2.4672 2.4985 2.5363 2.6198 2.7323 2.7724 2.6598 1.8307 0.6356 
21 2.5219 2.5620 2.6159 2.7169 2.8466 2.9000 2.7998 1.9535 0.6887 
22 2.4710 2.5034 2.5429 2.6274 2.7401 2.7812 2.6693 1.8410 0.6407 
23 2.5171 2.5508 2.5963 2.6917 2.8178 2.8675 2.7598 1.9100 0.6674 
24 2.4762 2.5112 2.5580 2.6485 2.7651 2.8105 2.7089 1.8907 0.6667 
25 2.4485 2.4881 2.5490 2.6557 2.7883 2.8481 2.7679 1.9649 0.7105 
26 2.4901 2.5312 2.5903 2.6962 2.8293 2.8868 2.7959 1.9657 0.7028 
27 2.4701 2.5098 2.5690 2.6745 2.8065 2.8648 2.7797 1.9654 0.7075 
28 2.3600 2.3870 2.4363 2.5347 2.6627 2.7241 2.6553 1.9008 0.7002 
30 2.4109 2.4579 2.5271 2.6424 2.7841 2.8503 2.7756 1.9708 0.7130 
31 2.4780 2.5189 2.5763 2.6778 2.8050 2.8597 2.7709 1.9562 0.7034 
32 2.3873 2.4176 2.4657 2.5609 2.6844 2.7392 2.6569 1.8799 0.6794 
average 2.5561 2.5919 2.6457 2.7532 2.8936 2.9555 2.8619 2.0054 0.7163 
std. dev. 0.1148 0.1145 0.1162 0.1268 0.1451 0.1582 0.1631 0.1214 0.0507 
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Table B-IV 
Δ Δ⁄  for Sodium in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -4.3554 -3.9297 -3.8377 -4.1061 -4.5752 -4.8925 -4.9734 -3.5980 -1.3146 
3 -4.7341 -4.2561 -4.2238 -4.6397 -5.3160 -5.7959 -6.0223 -4.4600 -1.6650 
4 -3.1417 -2.5729 -2.4538 -2.7688 -3.3370 -3.7714 -4.0741 -3.1297 -1.1830 
5 -5.4711 -4.9237 -4.7977 -5.1391 -5.7422 -6.1543 -6.2704 -4.5498 -1.6754 
6 -2.0023 -1.5536 -1.4067 -1.5541 -1.8544 -2.0809 -2.2142 -1.6586 -0.5968 
7 -2.7299 -2.2762 -2.1445 -2.3321 -2.6920 -2.9496 -3.0682 -2.2437 -0.8125 
8 -4.0355 -3.5713 -3.4577 -3.7097 -4.1619 -4.4710 -4.5611 -3.2905 -1.1960 
9 -2.3064 -1.8260 -1.6809 -1.8608 -2.2178 -2.4854 -2.6467 -1.9838 -0.7284 
10 -2.7487 -2.2844 -2.1471 -2.3379 -2.7070 -2.9743 -3.1057 -2.2854 -0.8323 
12 -6.5494 -6.1833 -6.1344 -6.4438 -6.9369 -7.2147 -7.0815 -4.8969 -1.7479 
14 -3.8689 -3.3956 -3.2822 -3.5351 -3.9910 -4.3022 -4.4047 -3.1829 -1.1602 
15 -3.6310 -3.2306 -3.1337 -3.3435 -3.7165 -3.9591 -3.9860 -2.8017 -0.9968 
16 -2.6761 -2.2895 -2.1764 -2.3344 -2.6344 -2.8349 -2.8833 -2.0400 -0.7187 
17 -2.6483 -2.2092 -2.0742 -2.2535 -2.6054 -2.8626 -2.9941 -2.2226 -0.8106 
19 -3.4109 -3.0668 -2.9651 -3.1220 -3.4128 -3.5916 -3.5649 -2.4722 -0.8567 
20 -0.8366 -0.3526 -0.1709 -0.2693 -0.5112 -0.7138 -0.9085 -0.7835 -0.2988 
21 -2.1599 -1.6696 -1.4834 -1.6161 -1.9205 -2.1519 -2.2923 -1.7252 -0.6266 
22 -1.0072 -0.5263 -0.3450 -0.4474 -0.6951 -0.8996 -1.0836 -0.8997 -0.3383 
23 -1.8669 -1.4730 -1.3490 -1.4800 -1.7427 -1.9327 -2.0253 -1.4744 -0.5187 
24 -2.7838 -2.4355 -2.3225 -2.4566 -2.7182 -2.8854 -2.8915 -2.0225 -0.6968 
25 -5.4335 -5.2180 -5.1883 -5.3817 -5.6803 -5.8124 -5.5894 -3.7487 -1.2808 
26 -3.8225 -3.4840 -3.3845 -3.5486 -3.8465 -4.0216 -3.9667 -2.7334 -0.9483 
27 -4.7479 -4.4809 -4.4217 -4.6028 -4.9012 -5.0531 -4.9017 -3.3166 -1.1384 
28 -5.6098 -5.2538 -5.1928 -5.4746 -5.9395 -6.2221 -6.1859 -4.3822 -1.5873 
30 -4.5936 -4.1892 -4.0628 -4.2636 -4.6387 -4.8695 -4.8428 -3.4092 -1.2180 
32 -4.0214 -3.6538 -3.5533 -3.7496 -4.1037 -4.3263 -4.3173 -3.0422 -1.0822 
average -3.5074 -3.0887 -2.9765 -3.1835 -3.5615 -3.8165 -3.8791 -2.7828 -1.0011 
std. dev. 1.4121 1.4444 1.4788 1.5322 1.6003 1.6288 1.5685 1.0778 0.3913 
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Table B-V 
Δ Δ⁄  for Magnesium in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 3.0269 2.9934 2.9384 2.9141 2.9049 2.8558 2.6456 1.7699 0.6008 
2 3.5339 3.5105 3.4302 3.3902 3.3833 3.3301 3.0813 2.0144 0.6562 
3 3.1511 3.1178 3.0671 3.0526 3.0550 3.0093 2.7851 1.8493 0.6246 
4 3.9690 3.8912 3.7861 3.7341 3.7062 3.6240 3.3139 2.1482 0.7092 
5 3.7184 3.6924 3.6416 3.6261 3.6281 3.5762 3.3206 2.2190 0.7513 
6 3.5002 3.4750 3.4139 3.3914 3.3924 3.3412 3.0935 2.0392 0.6742 
7 3.4124 3.3832 3.3273 3.3115 3.3176 3.2704 3.0294 2.0004 0.6663 
8 3.3575 3.3279 3.2754 3.2601 3.2635 3.2159 2.9807 1.9796 0.6646 
9 3.3799 3.3491 3.2922 3.2769 3.2841 3.2375 2.9975 1.9754 0.6566 
10 3.3316 3.3031 3.2495 3.2346 3.2405 3.1945 2.9603 1.9582 0.6537 
14 3.4491 3.4146 3.3574 3.3415 3.3468 3.2981 3.0522 2.0147 0.6722 
15 3.4550 3.4370 3.3959 3.3972 3.4212 3.3846 3.1458 2.0808 0.6928 
16 3.2208 3.2108 3.1761 3.1783 3.2022 3.1694 2.9516 1.9609 0.6553 
17 3.3044 3.2673 3.2006 3.1695 3.1577 3.1012 2.8642 1.8929 0.6326 
18 3.2450 3.2367 3.1990 3.1958 3.2141 3.1790 2.9609 1.9689 0.6551 
19 3.1793 3.1718 3.1359 3.1292 3.1396 3.1013 2.8891 1.9327 0.6507 
20 3.1795 3.1673 3.1227 3.1145 3.1297 3.0921 2.8731 1.8946 0.6246 
21 3.1578 3.1513 3.1169 3.1140 3.1302 3.0956 2.8854 1.9259 0.6430 
22 3.1609 3.1502 3.1077 3.1000 3.1147 3.0779 2.8607 1.8908 0.6250 
23 3.2990 3.2821 3.2348 3.2258 3.2401 3.2005 2.9721 1.9626 0.6484 
24 3.0658 3.0608 3.0270 3.0212 3.0325 2.9966 2.7931 1.8684 0.6256 
26 3.0733 3.0692 3.0395 3.0370 3.0500 3.0156 2.8147 1.8919 0.6398 
28 2.5262 2.5101 2.4785 2.4674 2.4667 2.4336 2.2736 1.5542 0.5386 
30 2.8488 2.8481 2.8274 2.8284 2.8410 2.8117 2.6340 1.7939 0.6158 
32 2.9044 2.8859 2.8459 2.8326 2.8332 2.7933 2.5997 1.7488 0.5942 
average 3.2580 3.2363 3.1875 3.1738 3.1798 3.1362 2.9111 1.9334 0.6469 
std. dev. 0.2816 0.2719 0.2595 0.2536 0.2515 0.2449 0.2192 0.1308 0.0396 
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Table B-VI 
Δ Δ⁄  for Aluminum in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -0.4027 -0.4927 -0.6637 -0.9022 -1.1790 -1.3610 -1.4651 -1.0645 -0.3814 
2 1.4315 1.3446 1.2000 1.0514 0.9062 0.7945 0.6435 0.3935 0.1399 
3 -0.3863 -0.5055 -0.7248 -1.0340 -1.4001 -1.6498 -1.8154 -1.3586 -0.5062 
4 0.5802 0.4423 0.2133 -0.0796 -0.4191 -0.6666 -0.8952 -0.7556 -0.2942 
5 -0.7758 -0.8749 -1.0801 -1.3762 -1.7198 -1.9397 -2.0426 -1.4560 -0.5206 
6 0.8377 0.7459 0.5853 0.3922 0.1821 0.0298 -0.1207 -0.1407 -0.0485 
7 0.5670 0.4700 0.2999 0.0857 -0.1550 -0.3250 -0.4762 -0.3903 -0.1412 
8 -0.0208 -0.1183 -0.2994 -0.5441 -0.8261 -1.0172 -1.1504 -0.8544 -0.3079 
9 0.6722 0.5730 0.4029 0.1924 -0.0434 -0.2123 -0.3695 -0.3216 -0.1183 
10 0.4593 0.3640 0.1962 -0.0173 -0.2581 -0.4268 -0.5707 -0.4523 -0.1623 
11 -0.1175 -0.2341 -0.4469 -0.7386 -1.0801 -1.3156 -1.4870 -1.1293 -0.4216 
12 -0.8448 -0.9345 -1.1214 -1.3933 -1.7089 -1.9073 -1.9871 -1.3998 -0.4977 
13 -0.1719 -0.2913 -0.5090 -0.8093 -1.1621 -1.4059 -1.5806 -1.1996 -0.4491 
14 0.1349 0.0342 -0.1517 -0.4006 -0.6883 -0.8848 -1.0334 -0.7831 -0.2871 
15 0.3681 0.2753 0.1022 -0.1242 -0.3817 -0.5598 -0.7026 -0.5371 -0.1938 
16 0.5710 0.4874 0.3363 0.1459 -0.0659 -0.2128 -0.3409 -0.2711 -0.0917 
17 0.4090 0.3175 0.1568 -0.0465 -0.2752 -0.4355 -0.5713 -0.4536 -0.1610 
18 0.5760 0.4974 0.3547 0.1762 -0.0211 -0.1584 -0.2789 -0.2239 -0.0711 
19 0.2247 0.1539 0.0140 -0.1700 -0.3758 -0.5128 -0.6089 -0.4371 -0.1425 
20 0.9967 0.9141 0.7750 0.6159 0.4470 0.3236 0.1880 0.0902 0.0357 
21 0.3695 0.2961 0.1583 -0.0189 -0.2164 -0.3506 -0.4552 -0.3359 -0.1077 
22 0.9044 0.8236 0.6858 0.5254 0.3542 0.2306 0.1012 0.0344 0.0176 
23 0.8848 0.7979 0.6485 0.4715 0.2798 0.1416 0.0013 -0.0429 -0.0119 
24 0.3705 0.3033 0.1723 0.0038 -0.1824 -0.3070 -0.4024 -0.2915 -0.0895 
25 -0.5548 -0.6116 -0.7411 -0.9283 -1.1406 -1.2677 -1.3055 -0.8843 -0.2929 
26 -0.0049 -0.0711 -0.2070 -0.3920 -0.5998 -0.7337 -0.8135 -0.5676 -0.1869 
27 -0.3109 -0.3719 -0.5042 -0.6908 -0.9016 -1.0328 -1.0899 -0.7454 -0.2461 
28 -1.1791 -1.2538 -1.4082 -1.6376 -1.9033 -2.0623 -2.0986 -1.4653 -0.5155 
30 -0.7258 -0.7878 -0.9253 -1.1262 -1.3560 -1.4929 -1.5309 -1.0462 -0.3539 
32 -0.2696 -0.3433 -0.4870 -0.6852 -0.9119 -1.0574 -1.1342 -0.8024 -0.2756 
average 0.1531 0.0650 -0.0989 -0.3151 -0.5601 -0.7258 -0.8464 -0.6297 -0.2228 
std. dev. 0.6146 0.6124 0.6199 0.6480 0.6888 0.7105 0.6947 0.4826 0.1755 
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Table B-VII 
Δ Δ⁄  for Silicon in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 0.1481 0.0817 -0.0193 -0.1479 -0.2895 -0.3800 -0.4306 -0.2692 -0.0713 
2 1.5948 1.5097 1.4064 1.3178 1.2408 1.1746 1.0546 0.7194 0.2635 
3 0.1273 0.0537 -0.0652 -0.2249 -0.4068 -0.5273 -0.6037 -0.4102 -0.1287 
4 0.8600 0.7613 0.6273 0.4714 0.2988 0.1712 0.0383 -0.0011 0.0090 
5 -0.4627 -0.5044 -0.5860 -0.7100 -0.8521 -0.9324 -0.9310 -0.5720 -0.1682 
6 1.0631 0.9839 0.8848 0.7836 0.6815 0.6034 0.5060 0.3578 0.1456 
7 0.7572 0.6870 0.5944 0.4911 0.3811 0.3020 0.2205 0.1687 0.0804 
8 0.2918 0.2300 0.1379 0.0214 -0.1078 -0.1930 -0.2496 -0.1424 -0.0263 
9 0.8310 0.7591 0.6662 0.5648 0.4574 0.3783 0.2914 0.2121 0.0939 
10 0.6793 0.6108 0.5196 0.4160 0.3052 0.2265 0.1500 0.1222 0.0646 
11 0.2136 0.1459 0.0385 -0.1038 -0.2659 -0.3744 -0.4489 -0.3003 -0.0895 
12 -0.4981 -0.5322 -0.6031 -0.7133 -0.8391 -0.9069 -0.8933 -0.5391 -0.1565 
13 0.1641 0.0968 -0.0119 -0.1582 -0.3258 -0.4383 -0.5126 -0.3460 -0.1066 
14 0.2981 0.2430 0.1583 0.0491 -0.0740 -0.1548 -0.2104 -0.1163 -0.0191 
15 0.4493 0.4013 0.3296 0.2405 0.1419 0.0751 0.0228 0.0538 0.0434 
16 0.6961 0.6414 0.5688 0.4876 0.4020 0.3416 0.2800 0.2276 0.1056 
17 0.7753 0.6975 0.5950 0.4824 0.3637 0.2783 0.1907 0.1403 0.0697 
18 0.7550 0.6981 0.6242 0.5435 0.4592 0.3982 0.3327 0.2608 0.1173 
19 0.4548 0.4038 0.3325 0.2488 0.1594 0.1008 0.0587 0.0879 0.0621 
20 1.0885 1.0232 0.9448 0.8697 0.7963 0.7379 0.6522 0.4647 0.1820 
21 0.5982 0.5459 0.4755 0.3951 0.3099 0.2510 0.1976 0.1756 0.0898 
22 1.0232 0.9599 0.8828 0.8068 0.7320 0.6736 0.5926 0.4274 0.1705 
23 0.9922 0.9257 0.8439 0.7614 0.6784 0.6146 0.5318 0.3854 0.1563 
24 0.5771 0.5262 0.4573 0.3795 0.2980 0.2433 0.1958 0.1786 0.0922 
25 -0.1468 -0.1828 -0.2439 -0.3274 -0.4182 -0.4660 -0.4587 -0.2373 -0.0439 
26 0.2621 0.2181 0.1526 0.0708 -0.0172 -0.0711 -0.0975 -0.0092 0.0302 
27 0.0361 -0.0037 -0.0670 -0.1503 -0.2405 -0.2920 -0.3003 -0.1370 -0.0110 
28 -0.4146 -0.4680 -0.5577 -0.6817 -0.8185 -0.8946 -0.8977 -0.5652 -0.1694 
30 -0.2849 -0.3209 -0.3841 -0.4739 -0.5732 -0.6247 -0.6138 -0.3457 -0.0835 
31 0.0240 -0.0173 -0.0827 -0.1693 -0.2640 -0.3189 -0.3313 -0.1663 -0.0239 
32 0.1628 0.1097 0.0304 -0.0695 -0.1785 -0.2458 -0.2778 -0.1458 -0.0218 
average 0.4231 0.3640 0.2790 0.1765 0.0656 -0.0081 -0.0626 -0.0103 0.0212 
std. dev. 0.4977 0.4871 0.4828 0.4917 0.5073 0.5109 0.4831 0.3191 0.1092 
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Table B-VIII 
Δ Δ⁄  for Sulfur in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
2 -2.9324 -2.9514 -3.0277 -3.1976 -3.4156 -3.5101 -3.3658 -2.1818 -0.6739 
3 -10.1826 -10.1730 -10.3332 -10.7647 -11.3156 -11.5262 -11.0241 -7.4154 -2.6054 
4 -8.0120 -8.0118 -8.1556 -8.5383 -9.0410 -9.2576 -8.9067 -6.0001 -2.0830 
5 -11.4277 -11.4032 -11.5458 -11.9497 -12.4541 -12.6043 -11.9611 -7.9498 -2.7452 
7 -6.3883 -6.3763 -6.4704 -6.7386 -7.0889 -7.2179 -6.8846 -4.5485 -1.5288 
8 -8.3089 -8.2898 -8.4011 -8.7237 -9.1387 -9.2822 -8.8413 -5.8743 -2.0092 
9 -6.0608 -6.0506 -6.1423 -6.4020 -6.7430 -6.8720 -6.5584 -4.3337 -1.4549 
10 -6.5762 -6.5619 -6.6539 -6.9223 -7.2727 -7.3999 -7.0547 -4.6634 -1.5701 
11 -9.4046 -9.3922 -9.5357 -9.9303 -10.4379 -10.6307 -10.1678 -6.8211 -2.3768 
13 -9.6720 -9.6614 -9.8108 -10.2198 -10.7455 -10.9488 -10.4755 -7.0371 -2.4593 
14 -8.0715 -8.0554 -8.1699 -8.4942 -8.9143 -9.0604 -8.6341 -5.7342 -1.9655 
15 -7.2480 -7.2301 -7.3295 -7.6157 -7.9851 -8.1103 -7.7096 -5.0740 -1.7153 
17 -6.3167 -6.3062 -6.3969 -6.6563 -6.9958 -7.1231 -6.8026 -4.5190 -1.5199 
19 -6.4895 -6.4643 -6.5368 -6.7674 -7.0674 -7.1584 -6.7841 -4.4429 -1.4700 
21 -5.9828 -5.9575 -6.0234 -6.2430 -6.5344 -6.6303 -6.2957 -4.1234 -1.3535 
23 -4.8417 -4.8331 -4.9081 -5.1186 -5.3937 -5.4946 -5.2301 -3.4134 -1.1108 
24 -5.7442 -5.7213 -5.7862 -5.9942 -6.2655 -6.3473 -6.0141 -3.9245 -1.2805 
28 -10.0641 -10.0371 -10.1454 -10.4682 -10.8672 -10.9678 -10.3956 -6.9279 -2.3944 
32 -7.6521 -7.6251 -7.7071 -7.9669 -8.3000 -8.3955 -7.9593 -5.2578 -1.7767 
average -7.4408 -7.4264 -7.5305 -7.8269 -8.2093 -8.3441 -7.9508 -5.2759 -1.7944 
std. dev. 2.0352 2.0305 2.0548 2.1242 2.2099 2.2372 2.1337 1.4570 0.5364 
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Table B-IX 
Δ Δ⁄  for Potassium in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -36.8381 -36.6792 -37.0234 -38.2738 -39.9552 -40.5473 -38.7027 -26.0284 -8.9878 
3 -41.5184 -41.3766 -41.9056 -43.5931 -45.8587 -46.7995 -44.9306 -30.4185 -10.6721 
4 -34.6597 -34.5208 -34.9241 -36.3585 -38.3574 -39.2297 -37.7611 -25.5423 -8.8458 
5 -47.5088 -47.3468 -47.8224 -49.4035 -51.4819 -52.1688 -49.6832 -33.2977 -11.5242 
7 -28.4824 -28.3465 -28.5906 -29.5897 -30.9897 -31.5118 -30.0990 -20.0663 -6.7746 
8 -35.4596 -35.3037 -35.6373 -36.8740 -38.5588 -39.1723 -37.4065 -25.0536 -8.5870 
9 -27.0443 -26.9153 -27.1531 -28.1226 -29.4888 -30.0139 -28.6875 -19.1310 -6.4523 
10 -28.9997 -28.8644 -29.1147 -30.1257 -31.5353 -32.0591 -30.6201 -20.4293 -6.9106 
14 -34.2996 -34.1459 -34.4856 -35.7286 -37.4391 -38.0718 -36.3818 -24.3513 -8.3543 
15 -31.1960 -31.0417 -31.3247 -32.4197 -33.9332 -34.4837 -32.8879 -21.8593 -7.4117 
17 -28.4886 -28.3650 -28.5961 -29.5524 -30.8911 -31.3841 -29.9829 -20.0763 -6.7875 
18 -25.6326 -25.4765 -25.6213 -26.4216 -27.5818 -27.9908 -26.6739 -17.6935 -5.8588 
19 -29.0577 -28.9105 -29.0988 -29.9615 -31.1646 -31.5359 -29.9589 -19.8633 -6.6386 
20 -19.9233 -19.8167 -19.9446 -20.6010 -21.5562 -21.8940 -20.8635 -13.7500 -4.4865 
21 -27.0160 -26.8577 -27.0119 -27.8284 -28.9982 -29.3899 -27.9729 -18.5574 -6.1568 
22 -20.7903 -20.6803 -20.8120 -21.4870 -22.4604 -22.8044 -21.7157 -14.3247 -4.6850 
23 -22.7854 -22.6660 -22.8253 -23.5831 -24.6693 -25.0608 -23.8792 -15.7868 -5.1962 
24 -26.2024 -26.0638 -26.2185 -26.9864 -28.0682 -28.3948 -26.9658 -17.8389 -5.8945 
26 -30.7995 -30.6409 -30.8382 -31.7325 -32.9541 -33.3007 -31.6040 -20.9447 -7.0267 
28 -41.7594 -41.6136 -41.9859 -43.2562 -44.8968 -45.3623 -43.1376 -28.9913 -10.0579 
30 -37.6418 -37.4781 -37.7495 -38.8032 -40.1909 -40.5318 -38.4217 -25.5736 -8.7062 
31 -33.5576 -33.3954 -33.6153 -34.5643 -35.8442 -36.1901 -34.3343 -22.8354 -7.7136 
32 -32.9500 -32.7986 -33.0462 -34.0456 -35.3984 -35.8098 -34.0463 -22.7194 -7.7241 
average -31.4179 -31.2741 -31.5367 -32.5788 -34.0118 -34.5090 -32.9007 -21.9623 -7.4545 
std. dev. 6.6786 6.6679 6.7635 7.0064 7.3024 7.4057 7.0835 4.8548 1.7825 
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Table B-X 
Δ Δ⁄  for Calcium in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -7.2484 -7.1537 -7.1353 -7.2725 -7.4671 -7.4736 -6.9862 -4.5226 -1.5116 
2 -2.2574 -2.2255 -2.2144 -2.2727 -2.3677 -2.3919 -2.2370 -1.3659 -0.3846 
3 -8.4451 -8.3314 -8.3200 -8.5056 -8.7652 -8.7974 -8.2516 -5.3840 -1.8370 
4 -6.7354 -6.6304 -6.6066 -6.7586 -6.9904 -7.0372 -6.6225 -4.3081 -1.4455 
5 -9.5472 -9.4169 -9.3751 -9.5180 -9.7208 -9.6908 -9.0135 -5.8018 -1.9422 
6 -4.4143 -4.3388 -4.3021 -4.3742 -4.4960 -4.5056 -4.2007 -2.6513 -0.8288 
7 -5.3130 -5.2196 -5.1751 -5.2541 -5.3874 -5.3853 -5.0134 -3.1786 -1.0229 
8 -6.9347 -6.8267 -6.7863 -6.8969 -7.0663 -7.0613 -6.5822 -4.2215 -1.3939 
9 -5.0105 -4.9198 -4.8759 -4.9509 -5.0796 -5.0803 -4.7298 -2.9963 -0.9618 
10 -5.4361 -5.3435 -5.3013 -5.3843 -5.5212 -5.5202 -5.1420 -3.2674 -1.0553 
11 -7.8807 -7.7636 -7.7354 -7.8899 -8.1167 -8.1368 -7.6227 -4.9502 -1.6721 
12 -9.0643 -8.9389 -8.8933 -9.0153 -9.1879 -9.1426 -8.4805 -5.4367 -1.8176 
13 -8.1024 -7.9842 -7.9586 -8.1221 -8.3603 -8.3862 -7.8608 -5.1148 -1.7341 
14 -6.7716 -6.6572 -6.6087 -6.7088 -6.8695 -6.8576 -6.3833 -4.0836 -1.3493 
15 -6.0621 -5.9448 -5.8784 -5.9403 -6.0538 -6.0238 -5.5756 -3.5147 -1.1374 
16 -4.8526 -4.7560 -4.6975 -4.7460 -4.8403 -4.8150 -4.4501 -2.7751 -0.8738 
17 -5.2451 -5.1695 -5.1445 -5.2421 -5.3945 -5.4094 -5.0611 -3.2432 -1.0492 
18 -4.5558 -4.4640 -4.4076 -4.4576 -4.5578 -4.5479 -4.2197 -2.6410 -0.8208 
19 -5.3357 -5.2464 -5.1990 -5.2621 -5.3716 -5.3520 -4.9605 -3.1217 -0.9876 
20 -3.2789 -3.2088 -3.1653 -3.2041 -3.2829 -3.2763 -3.0319 -1.8615 -0.5574 
21 -4.8793 -4.7871 -4.7329 -4.7871 -4.8904 -4.8768 -4.5239 -2.8398 -0.8879 
22 -3.4699 -3.3979 -3.3540 -3.3958 -3.4777 -3.4713 -3.2127 -1.9800 -0.5971 
23 -3.9490 -3.8696 -3.8217 -3.8679 -3.9581 -3.9495 -3.6571 -2.2687 -0.6954 
24 -4.6753 -4.5941 -4.5495 -4.6049 -4.7035 -4.6861 -4.3403 -2.7147 -0.8429 
25 -6.7963 -6.6998 -6.6551 -6.7301 -6.8428 -6.7956 -6.2861 -3.9814 -1.2845 
26 -5.7649 -5.6703 -5.6204 -5.6849 -5.7919 -5.7605 -5.3329 -3.3576 -1.0694 
27 -6.3476 -6.2519 -6.2050 -6.2764 -6.3877 -6.3496 -5.8770 -3.7134 -1.1916 
28 -8.3342 -8.2433 -8.2319 -8.3761 -8.5660 -8.5465 -7.9724 -5.1708 -1.7395 
30 -7.3242 -7.2236 -7.1821 -7.2717 -7.4025 -7.3575 -6.8199 -4.3452 -1.4194 
31 -6.3767 -6.2817 -6.2387 -6.3187 -6.4424 -6.4125 -5.9483 -3.7790 -1.2201 
32 -6.3133 -6.2247 -6.1922 -6.2867 -6.4280 -6.4118 -5.9632 -3.8087 -1.2422 
average -6.0233 -5.9285 -5.8892 -5.9799 -6.1222 -6.1132 -5.6890 -3.6258 -1.1798 
std. dev. 1.7175 1.7013 1.7049 1.7383 1.7782 1.7759 1.6636 1.1083 0.3978 
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Table B-XI 
Δ Δ⁄  for Titanium in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
3 -110.8730 -110.5120 -112.5760 -118.2250 -125.7770 -129.4730 -125.6890 -86.3569 -30.6519 
5 -128.3620 -127.7890 -129.5850 -134.8880 -141.8770 -144.8200 -139.2410 -94.6006 -33.1349 
7 -77.0492 -76.3680 -77.2587 -80.5762 -85.2124 -87.3117 -84.2489 -57.0579 -19.5531 
9 -72.8858 -72.2169 -73.0902 -76.3193 -80.8519 -82.9562 -80.1381 -54.3253 -18.6074 
10 -78.5128 -77.8482 -78.7616 -82.1138 -86.7802 -88.8863 -85.7490 -58.1011 -19.9431 
14 -91.7500 -91.1433 -92.4678 -96.6636 -102.4090 -105.0240 -101.4690 -68.9814 -23.9890 
18 -69.8370 -69.0484 -69.5825 -72.2510 -76.0979 -77.7749 -74.8353 -50.4571 -16.9873 
21 -73.8071 -73.0402 -73.6069 -76.3224 -80.1991 -81.8278 -78.5991 -52.9570 -17.8496 
23 -61.8264 -61.1277 -61.6957 -64.2262 -67.8369 -69.4421 -66.8580 -44.9793 -15.0710 
average -84.9893 -84.3437 -85.4027 -89.0651 -94.1157 -96.3907 -92.9808 -63.0907 -21.7541 
std. dev. 20.3838 20.4724 20.9599 21.9916 23.2624 23.8478 23.0792 15.9768 5.9099 
 
 
 
Table B-XII 
Δ Δ⁄  for Manganese in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
3 -271.0700 -267.1480 -268.2730 -278.4150 -293.4850 -300.4310 -289.8570 -197.8070 -69.9139 
5 -305.0020 -300.6880 -301.1230 -310.4210 -324.3590 -329.9120 -316.0470 -213.9880 -74.8326 
9 -175.6090 -171.4510 -170.3190 -175.5160 -184.4780 -188.5780 -181.5640 -122.7740 -42.0219 
10 -187.9500 -183.8620 -182.8820 -188.3730 -197.6270 -201.7230 -193.9900 -131.1300 -44.9810 
14 -221.8780 -217.6990 -217.3600 -224.4720 -235.8730 -240.8470 -231.6710 -156.8260 -54.4143 
18 -165.0970 -160.9860 -159.4620 -163.6900 -171.3610 -174.7210 -167.8440 -113.1820 -38.1534 
20 -129.3950 -125.6410 -124.0690 -127.3680 -133.6220 -136.3980 -131.1390 -88.0899 -29.3576 
21 -173.7180 -169.6550 -168.1920 -172.4920 -180.1980 -183.4370 -175.9220 -118.5500 -40.0136 
average -203.7149 -199.6413 -198.9600 -205.0934 -215.1254 -219.5059 -211.0043 -142.7934 -49.2110 
std. dev. 54.8621 54.7800 55.6489 57.8989 60.7517 61.9275 59.4843 40.7522 14.9279 
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Table B-XIII 
Δ Δ⁄  for Iron in Slab Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -43.7015 -43.2413 -43.3296 -44.4591 -46.0748 -46.5242 -44.1384 -29.4775 -10.1897 
2 -19.8068 -19.4478 -19.2474 -19.5943 -20.2845 -20.5070 -19.4726 -12.8150 -4.1100 
3 -48.9541 -48.4660 -48.7128 -50.2736 -52.4667 -53.2432 -50.7648 -34.0876 -11.9624 
4 -40.6793 -40.1726 -40.2635 -41.5327 -43.4366 -44.1689 -42.2315 -28.3545 -9.8355 
5 -56.1201 -55.5653 -55.6847 -57.0555 -58.9754 -59.4275 -56.2108 -37.3848 -12.9535 
6 -29.5951 -29.1450 -29.0124 -29.6471 -30.7021 -31.0248 -29.4303 -19.4880 -6.4884 
7 -33.4836 -32.9947 -32.9030 -33.6728 -34.9045 -35.2609 -33.4384 -22.1397 -7.4974 
8 -41.8303 -41.3203 -41.3298 -42.3665 -43.9086 -44.3428 -42.0505 -27.9548 -9.5981 
9 -31.7439 -31.2635 -31.1665 -31.9034 -33.0970 -33.4596 -31.7461 -21.0248 -7.1138 
10 -34.1115 -33.6317 -33.5561 -34.3487 -35.5999 -35.9621 -34.1071 -22.6013 -7.6674 
11 -46.2882 -45.7763 -45.9162 -47.2746 -49.2343 -49.8929 -47.5158 -31.8147 -11.0817 
12 -52.7704 -52.2395 -52.3344 -53.5830 -55.3275 -55.6959 -52.5948 -34.8818 -12.0822 
13 -47.3628 -46.8550 -47.0216 -48.4470 -50.4914 -51.2006 -48.7851 -32.7018 -11.4181 
14 -40.3477 -39.8231 -39.8174 -40.8319 -42.3687 -42.8020 -40.5909 -26.9467 -9.2603 
15 -36.6107 -36.0547 -35.9416 -36.7379 -38.0039 -38.3257 -36.2393 -23.8798 -8.1169 
16 -30.8985 -30.3913 -30.2220 -30.8202 -31.8328 -32.0598 -30.2822 -19.9007 -6.6787 
17 -33.6190 -33.1967 -33.1572 -33.9569 -35.2035 -35.5798 -33.7967 -22.5073 -7.6318 
18 -30.1237 -29.6113 -29.4013 -29.9456 -30.9178 -31.1681 -29.4996 -19.4671 -6.4757 
19 -34.2755 -33.8011 -33.6681 -34.3085 -35.3508 -35.5615 -33.5677 -22.1338 -7.4238 
20 -23.3213 -22.8802 -22.6739 -23.0787 -23.8435 -24.0373 -22.7402 -14.9161 -4.8953 
21 -31.8078 -31.3072 -31.1222 -31.6985 -32.6942 -32.9287 -31.1360 -20.5479 -6.8457 
22 -24.3621 -23.9200 -23.7201 -24.1489 -24.9374 -25.1389 -23.7701 -15.6061 -5.1324 
23 -26.7050 -26.2397 -26.0539 -26.5541 -27.4438 -27.6782 -26.1793 -17.2114 -5.6930 
24 -30.8899 -30.4363 -30.2798 -30.8300 -31.7558 -31.9341 -30.1373 -19.8389 -6.5825 
26 -36.3795 -35.8972 -35.7759 -36.4515 -37.5098 -37.6834 -35.5326 -23.4095 -7.8784 
27 -39.5361 -39.0598 -38.9705 -39.6985 -40.7953 -40.9454 -38.5687 -25.4304 -8.5889 
28 -49.7237 -49.3137 -49.4676 -50.6536 -52.2541 -52.5682 -49.7218 -33.2058 -11.5301 
30 -44.6395 -44.1691 -44.1501 -45.0242 -46.2804 -46.4337 -43.7507 -28.9381 -9.8718 
31 -39.7102 -39.2434 -39.1733 -39.9410 -41.0951 -41.2798 -38.9356 -25.7519 -8.7226 
32 -39.0282 -38.5876 -38.5689 -39.4130 -40.6644 -40.9283 -38.6840 -25.6593 -8.7432 
average -37.2809 -36.8017 -36.7547 -37.6084 -38.9152 -39.2588 -37.1873 -24.6692 -8.4023 
std. dev. 8.7548 8.7344 8.8497 9.1493 9.5061 9.6064 9.1280 6.1763 2.2552 
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Table C-I 
Δ/Δ for Hydrogen in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -1.5464 -1.8322 -1.9224 -1.9780 -2.0431 -2.0660 -2.0656 -1.8799 -1.0282 
2 0.0825 0.0243 -0.0291 -0.0256 0.0156 0.0375 -0.0043 -0.2314 -0.2138 
3 -3.3138 -3.7881 -3.8689 -3.9814 -4.1969 -4.3069 -4.2520 -3.4310 -1.6783 
4 -2.0553 -2.4273 -2.5251 -2.6025 -2.7203 -2.7704 -2.7567 -2.3687 -1.2383 
5 -1.9384 -2.2143 -2.2635 -2.2702 -2.2919 -2.2829 -2.2411 -2.0383 -1.1748 
6 -0.5597 -0.6972 -0.7550 -0.7510 -0.7150 -0.6848 -0.6949 -0.8186 -0.5337 
7 -1.1256 -1.3330 -1.3965 -1.4039 -1.3950 -1.3739 -1.3572 -1.3161 -0.7643 
8 -1.6055 -1.8716 -1.9354 -1.9642 -1.9920 -1.9869 -1.9626 -1.7882 -0.9979 
9 -1.1582 -1.3682 -1.4314 -1.4412 -1.4382 -1.4192 -1.4037 -1.3426 -0.7664 
10 -1.1455 -1.3532 -1.4154 -1.4244 -1.4202 -1.4011 -1.3888 -1.3429 -0.7763 
11 -2.4109 -2.7774 -2.8581 -2.9270 -3.0496 -3.1057 -3.0736 -2.6098 -1.3544 
12 -2.1878 -2.5182 -2.5786 -2.5981 -2.6407 -2.6421 -2.5860 -2.2647 -1.2423 
13 -2.6047 -2.9857 -3.0675 -3.1460 -3.2889 -3.3579 -3.3241 -2.7925 -1.4322 
14 -1.9281 -2.2270 -2.2958 -2.3255 -2.3697 -2.3759 -2.3321 -2.0415 -1.0960 
15 -1.7196 -1.9770 -2.0279 -2.0241 -2.0173 -1.9884 -1.9308 -1.7271 -0.9544 
16 -1.0954 -1.2808 -1.3327 -1.3213 -1.2873 -1.2488 -1.2206 -1.1966 -0.7009 
17 -0.7693 -0.9529 -1.0318 -1.0568 -1.0622 -1.0578 -1.0775 -1.1233 -0.6706 
18 -0.6551 -0.7713 -0.8038 -0.7772 -0.7184 -0.6762 -0.6792 -0.8123 -0.5381 
19 -0.7113 -0.8519 -0.9055 -0.8919 -0.8454 -0.8044 -0.8028 -0.9067 -0.5829 
20 -0.5354 -0.6453 -0.6894 -0.6749 -0.6250 -0.5871 -0.5886 -0.6967 -0.4471 
21 -0.6836 -0.8024 -0.8386 -0.8173 -0.7633 -0.7244 -0.7282 -0.8521 -0.5561 
22 -0.5448 -0.6546 -0.6976 -0.6837 -0.6348 -0.5980 -0.6016 -0.7119 -0.4571 
23 -0.6885 -0.8337 -0.8820 -0.8669 -0.8197 -0.7799 -0.7724 -0.8517 -0.5338 
24 -0.5877 -0.7073 -0.7583 -0.7452 -0.6980 -0.6608 -0.6650 -0.7849 -0.5088 
25 -0.8847 -1.0515 -1.1134 -1.1045 -1.0645 -1.0255 -1.0163 -1.0857 -0.6790 
26 -0.8262 -0.9765 -1.0281 -1.0156 -0.9718 -0.9308 -0.9238 -1.0020 -0.6307 
27 -0.8567 -1.0178 -1.0781 -1.0692 -1.0294 -0.9921 -0.9842 -1.0557 -0.6604 
28 -1.4877 -1.7375 -1.8187 -1.8693 -1.9211 -1.9437 -1.9515 -1.8241 -1.0215 
30 -1.0604 -1.2267 -1.2826 -1.2815 -1.2579 -1.2295 -1.2231 -1.2605 -0.7727 
31 -0.8526 -0.9944 -1.0540 -1.0537 -1.0268 -0.9984 -1.0030 -1.0801 -0.6730 
32 -1.0231 -1.2143 -1.2822 -1.3017 -1.3010 -1.2904 -1.2933 -1.2904 -0.7563 
average -1.2413 -1.4537 -1.5151 -1.5288 -1.5351 -1.5249 -1.5130 -1.4364 -0.8206 
std. dev. 0.7268 0.8217 0.8314 0.8604 0.9224 0.9556 0.9384 0.7080 0.3284 
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Table C-II 
Δ/Δ for Carbon in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 3.4732 3.5611 3.4947 3.5523 3.6994 3.7279 3.4712 2.1678 0.6758 
2 3.1337 3.1712 3.0719 3.0758 3.1509 3.1412 2.8853 1.7625 0.5342 
3 3.8624 3.9700 3.9094 3.9941 4.1839 4.2333 3.9493 2.4722 0.7761 
4 3.8567 3.9653 3.8891 3.9551 4.1260 4.1600 3.8706 2.4053 0.7461 
6 3.4249 3.5102 3.4323 3.4700 3.5908 3.6031 3.3310 2.0552 0.6300 
7 3.5313 3.6250 3.5552 3.6090 3.7520 3.7761 3.5007 2.1657 0.6668 
8 3.7105 3.8200 3.7528 3.8236 3.9868 4.0177 3.7372 2.3252 0.7226 
9 3.4748 3.5704 3.5003 3.5530 3.6938 3.7152 3.4458 2.1290 0.6539 
10 3.4942 3.5923 3.5245 3.5791 3.7217 3.7439 3.4741 2.1509 0.6630 
11 3.8655 3.9900 3.9276 4.0059 4.1873 4.2304 3.9389 2.4569 0.7660 
13 3.9033 4.0209 3.9592 4.0399 4.2251 4.2699 3.9773 2.4823 0.7751 
14 3.7339 3.8502 3.7885 3.8609 4.0318 4.0692 3.7827 2.3489 0.7279 
17 3.3235 3.4004 3.3289 3.3687 3.4904 3.5067 3.2492 2.0151 0.6217 
21 3.3999 3.4935 3.4269 3.4740 3.5985 3.6137 3.3446 2.0690 0.6367 
26 3.4372 3.5342 3.4718 3.5227 3.6545 3.6708 3.4033 2.1115 0.6532 
28 3.3889 3.4739 3.4197 3.4836 3.6265 3.6572 3.4087 2.1421 0.6742 
31 3.4280 3.5303 3.4725 3.5226 3.6525 3.6684 3.4031 2.1169 0.6577 
32 3.3278 3.4125 3.3514 3.4041 3.5325 3.5538 3.2999 2.0574 0.6400 
average 3.5428 3.6384 3.5709 3.6275 3.7725 3.7977 3.5263 2.1908 0.6790 
std. dev. 0.2180 0.2346 0.2387 0.2554 0.2824 0.2951 0.2837 0.1841 0.0611 
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Table C-III 
Δ/Δ for Oxygen in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 3.3764 3.3640 3.2483 3.2660 3.3774 3.3929 3.1539 1.9725 0.6191 
2 3.1140 3.0649 2.9250 2.8995 2.9500 2.9309 2.6846 1.6362 0.4958 
3 3.6476 3.6488 3.5366 3.5772 3.7264 3.7634 3.5097 2.2020 0.6961 
4 3.6571 3.6586 3.5329 3.5571 3.6894 3.7118 3.4512 2.1491 0.6713 
5 3.9125 3.9627 3.8574 3.9028 4.0595 4.0931 3.8067 2.3810 0.7510 
6 3.2954 3.2852 3.1632 3.1657 3.2549 3.2567 3.0055 1.8545 0.5705 
7 3.3676 3.3619 3.2460 3.2615 3.3696 3.3825 3.1314 1.9386 0.5997 
8 3.5082 3.5141 3.3992 3.4290 3.5546 3.5740 3.3214 2.0689 0.6464 
9 3.3145 3.3118 3.1962 3.2111 3.3175 3.3281 3.0824 1.9059 0.5882 
10 3.3284 3.3282 3.2148 3.2315 3.3395 3.3508 3.1052 1.9240 0.5960 
11 3.6299 3.6469 3.5350 3.5709 3.7127 3.7440 3.4847 2.1780 0.6835 
12 3.7124 3.7465 3.6457 3.6919 3.8446 3.8795 3.6113 2.2572 0.7104 
13 3.6609 3.6707 3.5594 3.5971 3.7424 3.7755 3.5156 2.1989 0.6912 
14 3.5175 3.5290 3.4191 3.4501 3.5824 3.6079 3.3511 2.0836 0.6493 
15 3.5298 3.5453 3.4369 3.4683 3.5992 3.6222 3.3584 2.0790 0.6441 
16 3.3124 3.3081 3.1965 3.2134 3.3191 3.3304 3.0800 1.9010 0.5858 
17 3.1844 3.1719 3.0587 3.0647 3.1558 3.1621 2.9258 1.8163 0.5633 
18 3.2580 3.2553 3.1420 3.1526 3.2452 3.2503 3.0023 1.8543 0.5708 
19 3.2559 3.2556 3.1488 3.1603 3.2557 3.2597 3.0149 1.8668 0.5780 
20 3.0710 3.0534 2.9375 2.9384 3.0164 3.0146 2.7762 1.7028 0.5194 
21 3.2293 3.2283 3.1186 3.1304 3.2232 3.2285 2.9835 1.8452 0.5694 
22 3.0816 3.0662 2.9518 2.9539 3.0328 3.0314 2.7937 1.7149 0.5239 
23 3.1866 3.1756 3.0606 3.0671 3.1576 3.1611 2.9168 1.7952 0.5503 
24 3.1331 3.1253 3.0185 3.0248 3.1104 3.1120 2.8727 1.7752 0.5474 
25 3.2452 3.2483 3.1504 3.1696 3.2709 3.2815 3.0412 1.8966 0.5928 
26 3.2532 3.2565 3.1511 3.1664 3.2657 3.2723 3.0296 1.8796 0.5832 
27 3.2483 3.2514 3.1511 3.1682 3.2684 3.2776 3.0356 1.8893 0.5888 
28 3.1990 3.1952 3.0987 3.1265 3.2366 3.2572 3.0335 1.9099 0.6049 
30 3.2485 3.2690 3.1752 3.2013 3.3118 3.3277 3.0882 1.9264 0.6021 
31 3.2276 3.2379 3.1387 3.1546 3.2531 3.2600 3.0208 1.8798 0.5861 
32 3.1413 3.1381 3.0363 3.0547 3.1522 3.1641 2.9349 1.8315 0.5724 
average 3.3499 3.3508 3.2403 3.2589 3.3676 3.3808 3.1330 1.9456 0.6049 
std. dev. 0.2094 0.2218 0.2226 0.2354 0.2587 0.2701 0.2602 0.1710 0.0583 
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Table C-IV 
Δ/Δ for Sodium in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 1.4385 2.2411 2.2443 2.0680 1.8765 1.6476 1.1474 0.0653 -0.2982 
3 1.9481 2.9957 3.0544 2.8881 2.7020 2.4549 1.8539 0.4196 -0.2587 
4 2.2674 3.3004 3.3557 3.2010 3.0349 2.7937 2.1900 0.6923 -0.1142 
5 2.2082 3.3627 3.4239 3.2372 3.0395 2.7806 2.1438 0.5924 -0.2048 
6 1.8985 2.5179 2.4722 2.3153 2.1663 1.9780 1.5255 0.4734 -0.0535 
7 1.8736 2.5506 2.5232 2.3665 2.2151 2.0217 1.5532 0.4487 -0.0978 
8 1.7511 2.5351 2.5231 2.3589 2.1878 1.9727 1.4748 0.3156 -0.2001 
9 2.0114 2.7520 2.7407 2.5900 2.4425 2.2428 1.7547 0.5710 -0.0567 
10 1.8783 2.6078 2.5920 2.4346 2.2785 2.0756 1.5940 0.4558 -0.1034 
12 1.3466 1.9421 1.8723 1.6797 1.4986 1.3031 0.8768 -0.0647 -0.3640 
14 1.8563 2.6447 2.6420 2.4814 2.3218 2.1164 1.6156 0.4171 -0.1655 
15 1.8219 2.3858 2.3235 2.1643 2.0229 1.8476 1.4189 0.3837 -0.1308 
16 1.7842 2.2944 2.2266 2.0720 1.9327 1.7623 1.3535 0.3921 -0.0834 
17 1.6803 2.3708 2.3535 2.1899 2.0215 1.8153 1.3413 0.2923 -0.1467 
19 1.3431 1.7833 1.6979 1.5250 1.3633 1.1863 0.8156 0.0464 -0.1930 
20 2.2331 2.8988 2.8710 2.7334 2.6011 2.4188 1.9476 0.7782 0.0728 
21 2.0343 2.7804 2.7627 2.6052 2.4442 2.2398 1.7429 0.5699 -0.0414 
22 2.1902 2.8581 2.8304 2.6901 2.5538 2.3691 1.8985 0.7383 0.0555 
23 1.8389 2.3445 2.2783 2.1293 1.9950 1.8271 1.4211 0.4656 -0.0319 
24 1.4239 1.8646 1.7841 1.6187 1.4634 1.2913 0.9177 0.1342 -0.1444 
25 0.5736 0.7629 0.6107 0.4108 0.2247 0.0614 -0.2119 -0.5998 -0.4180 
26 1.2663 1.7137 1.6250 1.4485 1.2818 1.1023 0.7327 -0.0211 -0.2265 
27 0.8608 1.1597 1.0370 0.8474 0.6698 0.5007 0.1863 -0.3548 -0.3362 
28 0.9518 1.6835 1.6678 1.4730 1.2515 1.0186 0.5514 -0.3417 -0.4516 
30 1.4018 2.1386 2.1132 1.9233 1.7260 1.5051 1.0295 0.0315 -0.2811 
32 1.2181 1.8058 1.7583 1.5834 1.3983 1.1985 0.7798 -0.0641 -0.2766 
average 1.6577 2.3190 2.2840 2.1167 1.9505 1.7512 1.2944 0.2630 -0.1750 
std. dev. 0.4358 0.5996 0.6428 0.6533 0.6602 0.6465 0.5782 0.3484 0.1322 
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Table C-V 
Δ/Δ for Magnesium in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 4.2808 4.2129 3.9759 3.9049 3.9438 3.8926 3.5304 2.0925 0.6021 
2 3.9351 3.8459 3.6056 3.5134 3.5159 3.4502 3.1048 1.8237 0.5271 
3 4.6579 4.5909 4.3529 4.3005 4.3729 4.3390 3.9521 2.3582 0.6830 
4 5.0190 4.9492 4.6641 4.5790 4.6285 4.5691 4.1418 2.4482 0.7044 
5 5.3293 5.2979 5.0140 4.9332 4.9934 4.9393 4.4820 2.6693 0.7772 
6 4.2986 4.2407 3.9952 3.9114 3.9350 3.8749 3.4984 2.0642 0.5952 
7 4.4317 4.3689 4.1218 4.0449 4.0815 4.0275 3.6433 2.1517 0.6194 
8 4.6134 4.5540 4.2981 4.2296 4.2770 4.2235 3.8313 2.2702 0.6548 
9 4.3649 4.3077 4.0630 3.9872 4.0237 3.9679 3.5917 2.1195 0.6092 
10 4.3640 4.3084 4.0658 3.9911 4.0278 3.9722 3.5964 2.1246 0.6117 
14 4.7397 4.6828 4.4218 4.3466 4.3973 4.3466 3.9389 2.3294 0.6699 
15 4.7323 4.6842 4.4265 4.3527 4.4035 4.3528 3.9429 2.3304 0.6710 
16 4.3106 4.2514 4.0146 3.9425 3.9796 3.9278 3.5539 2.0995 0.6050 
17 4.1901 4.1259 3.8899 3.8085 3.8316 3.7732 3.4075 2.0107 0.5785 
18 4.2107 4.1564 3.9211 3.8462 3.8722 3.8167 3.4504 2.0401 0.5886 
19 4.2188 4.1689 3.9385 3.8605 3.8865 3.8267 3.4599 2.0449 0.5908 
20 3.9638 3.8994 3.6730 3.5976 3.6168 3.5606 3.2129 1.8917 0.5442 
21 4.1687 4.1154 3.8839 3.8098 3.8351 3.7796 3.4167 2.0204 0.5831 
22 3.9691 3.9061 3.6810 3.6063 3.6260 3.5698 3.2230 1.8983 0.5465 
23 4.1648 4.1047 3.8694 3.7916 3.8180 3.7615 3.3970 2.0029 0.5766 
24 4.0227 3.9670 3.7457 3.6694 3.6909 3.6338 3.2815 1.9382 0.5595 
26 4.2138 4.1648 3.9332 3.8578 3.8861 3.8278 3.4630 2.0485 0.5915 
28 3.9240 3.8585 3.6552 3.6011 3.6393 3.5975 3.2671 1.9453 0.5612 
30 4.2107 4.1685 3.9450 3.8760 3.9102 3.8587 3.4952 2.0750 0.6001 
32 4.0483 3.9892 3.7684 3.7007 3.7274 3.6754 3.3260 1.9700 0.5680 
average 4.3353 4.2768 4.0369 3.9625 3.9968 3.9426 3.5683 2.1107 0.6087 
std. dev. 0.3402 0.3444 0.3283 0.3279 0.3402 0.3418 0.3152 0.1908 0.0558 
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Table C-VI 
Δ/Δ for Aluminum in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.3593 2.1639 1.8753 1.6812 1.5422 1.4076 1.1265 0.4557 0.0225 
2 2.3926 2.2329 1.9928 1.8428 1.7447 1.6397 1.3873 0.7258 0.1851 
3 2.8530 2.6384 2.3184 2.1105 1.9685 1.8255 1.4990 0.6607 0.0601 
4 3.0258 2.8287 2.5058 2.2996 2.1634 2.0182 1.6803 0.7907 0.1225 
5 2.9749 2.7648 2.4186 2.1908 2.0383 1.8903 1.5571 0.7023 0.0772 
6 2.5563 2.3892 2.1163 1.9399 1.8212 1.6991 1.4163 0.6949 0.1424 
7 2.6500 2.4674 2.1827 1.9990 1.8762 1.7500 1.4565 0.7007 0.1280 
8 2.6646 2.4665 2.1621 1.9680 1.8340 1.6987 1.3989 0.6362 0.0849 
9 2.6457 2.4710 2.1893 2.0087 1.8887 1.7626 1.4720 0.7142 0.1347 
10 2.5855 2.4077 2.1251 1.9418 1.8180 1.6906 1.4028 0.6654 0.1154 
11 2.8664 2.6634 2.3419 2.1333 1.9924 1.8502 1.5237 0.6846 0.0774 
12 2.8031 2.5869 2.2585 2.0428 1.8974 1.7571 1.4433 0.6423 0.0633 
13 2.9059 2.6884 2.3637 2.1530 2.0109 1.8673 1.5373 0.6880 0.0741 
14 2.7920 2.5972 2.2908 2.0934 1.9623 1.8289 1.5180 0.7103 0.1069 
15 2.8349 2.6464 2.3462 2.1554 2.0323 1.9045 1.5976 0.7809 0.1428 
16 2.6047 2.4233 2.1489 1.9734 1.8577 1.7384 1.4569 0.7204 0.1446 
17 2.3854 2.2111 1.9428 1.7630 1.6366 1.5109 1.2343 0.5610 0.0872 
18 2.4718 2.2979 2.0314 1.8605 1.7430 1.6256 1.3556 0.6658 0.1347 
19 2.3785 2.2050 1.9374 1.7580 1.6337 1.5104 1.2432 0.5819 0.1011 
20 2.4331 2.2689 2.0200 1.8634 1.7583 1.6493 1.3897 0.7096 0.1634 
21 2.3859 2.2097 1.9450 1.7733 1.6534 1.5355 1.2711 0.6092 0.1144 
22 2.4088 2.2431 1.9935 1.8356 1.7289 1.6190 1.3612 0.6888 0.1553 
23 2.5339 2.3665 2.1039 1.9361 1.8252 1.7096 1.4361 0.7228 0.1578 
24 2.2980 2.1285 1.8728 1.7022 1.5838 1.4671 1.2095 0.5754 0.1088 
25 2.1630 1.9801 1.7105 1.5233 1.3877 1.2626 1.0064 0.4160 0.0347 
26 2.3388 2.1606 1.8887 1.7074 1.5809 1.4571 1.1927 0.5455 0.0848 
27 2.2404 2.0598 1.7906 1.6060 1.4742 1.3501 1.0894 0.4736 0.0570 
28 2.0045 1.7978 1.5208 1.3279 1.1795 1.0476 0.7920 0.2381 -0.0545 
30 2.2097 2.0182 1.7366 1.5441 1.4053 1.2774 1.0156 0.4092 0.0219 
32 2.1892 2.0044 1.7372 1.5574 1.4243 1.2998 1.0399 0.4334 0.0384 
average 2.5319 2.3463 2.0622 1.8764 1.7488 1.6217 1.3370 0.6201 0.0962 
std. dev. 0.2606 0.2532 0.2342 0.2265 0.2264 0.2224 0.2018 0.1263 0.0511 
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Table C-VII 
Δ/Δ for Silicon in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.3991 2.2066 1.9949 1.8777 1.8178 1.7389 1.5101 0.8064 0.1834 
2 2.3517 2.1978 2.0128 1.9125 1.8617 1.7900 1.5716 0.8982 0.2580 
3 2.8315 2.6202 2.3910 2.2730 2.2238 2.1470 1.8860 1.0319 0.2404 
4 2.9219 2.7178 2.4849 2.3647 2.3146 2.2325 1.9635 1.0858 0.2691 
5 2.5951 2.4050 2.1976 2.0895 2.0460 1.9774 1.7394 0.9541 0.2213 
6 2.4759 2.3074 2.1089 2.0019 1.9503 1.8761 1.6439 0.9212 0.2465 
7 2.4925 2.3155 2.1185 2.0149 1.9688 1.8982 1.6664 0.9281 0.2396 
8 2.5064 2.3193 2.1134 2.0087 1.9612 1.8882 1.6562 0.9088 0.2206 
9 2.4849 2.3145 2.1190 2.0170 1.9723 1.9010 1.6715 0.9330 0.2423 
10 2.4438 2.2717 2.0761 1.9726 1.9256 1.8536 1.6264 0.9019 0.2304 
11 2.7035 2.5067 2.2891 2.1764 2.1293 2.0553 1.8042 0.9870 0.2319 
12 2.4978 2.3095 2.1091 2.0054 1.9642 1.8987 1.6706 0.9149 0.2107 
13 2.7339 2.5262 2.3073 2.1943 2.1475 2.0734 1.8206 0.9950 0.2321 
14 2.5236 2.3426 2.1452 2.0442 2.0038 1.9368 1.7041 0.9417 0.2308 
15 2.5397 2.3683 2.1779 2.0830 2.0488 1.9854 1.7544 0.9846 0.2524 
16 2.4040 2.2376 2.0539 1.9591 1.9191 1.8541 1.6336 0.9200 0.2436 
17 2.3828 2.2074 2.0083 1.8966 1.8386 1.7615 1.5326 0.8392 0.2124 
18 2.3162 2.1575 1.9758 1.8802 1.8338 1.7667 1.5512 0.8718 0.2325 
19 2.2063 2.0454 1.8670 1.7677 1.7182 1.6485 1.4406 0.7963 0.2051 
20 2.2891 2.1366 1.9612 1.8698 1.8262 1.7610 1.5496 0.8803 0.2432 
21 2.2467 2.0874 1.9076 1.8116 1.7634 1.6960 1.4853 0.8284 0.2174 
22 2.2741 2.1211 1.9456 1.8535 1.8090 1.7433 1.5332 0.8684 0.2386 
23 2.3708 2.2125 2.0303 1.9344 1.8911 1.8239 1.6045 0.9075 0.2465 
24 2.1429 1.9869 1.8140 1.7176 1.6684 1.6010 1.3979 0.7766 0.2044 
25 2.0321 1.8664 1.6899 1.5880 1.5330 1.4645 1.2679 0.6802 0.1604 
26 2.1636 2.0017 1.8226 1.7240 1.6746 1.6059 1.4020 0.7705 0.1942 
27 2.0907 1.9268 1.7501 1.6495 1.5967 1.5284 1.3277 0.7206 0.1756 
28 2.1243 1.9295 1.7283 1.6130 1.5455 1.4686 1.2588 0.6445 0.1273 
30 2.0604 1.8907 1.7092 1.6066 1.5524 1.4841 1.2853 0.6847 0.1553 
31 2.0547 1.8919 1.7164 1.6159 1.5623 1.4925 1.2945 0.6965 0.1664 
32 2.1441 1.9721 1.7859 1.6823 1.6245 1.5527 1.3453 0.7230 0.1717 
average 2.3808 2.2065 2.0133 1.9098 1.8610 1.7905 1.5677 0.8645 0.2163 
std. dev. 0.2269 0.2156 0.2022 0.1988 0.2023 0.2010 0.1838 0.1095 0.0338 
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Table C-VIII 
Δ/Δ for Sulfur in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
2 0.1978 -0.0726 -0.3137 -0.5114 -0.6930 -0.8138 -0.9157 -0.7715 -0.3062 
3 -0.6057 -1.0506 -1.4258 -1.7467 -2.0432 -2.2184 -2.3174 -1.9695 -0.9603 
4 -0.2483 -0.6527 -1.0073 -1.3061 -1.5804 -1.7496 -1.8701 -1.6241 -0.7846 
5 -0.7614 -1.2420 -1.6479 -1.9909 -2.3008 -2.4737 -2.5419 -2.0898 -0.9875 
7 -0.1826 -0.5435 -0.8605 -1.1259 -1.3665 -1.5146 -1.6146 -1.3640 -0.6188 
8 -0.5062 -0.9128 -1.2610 -1.5557 -1.8260 -1.9852 -2.0730 -1.7228 -0.7937 
9 -0.1334 -0.4811 -0.7897 -1.0473 -1.2804 -1.4251 -1.5264 -1.2973 -0.5899 
10 -0.2960 -0.6543 -0.9683 -1.2337 -1.4762 -1.6240 -1.7168 -1.4335 -0.6449 
11 -0.5279 -0.9583 -1.3278 -1.6418 -1.9297 -2.1005 -2.1992 -1.8636 -0.8939 
13 -0.5344 -0.9784 -1.3525 -1.6705 -1.9623 -2.1353 -2.2352 -1.8982 -0.9167 
14 -0.3031 -0.7058 -1.0565 -1.3485 -1.6115 -1.7686 -1.8670 -1.5874 -0.7519 
15 -0.0474 -0.4317 -0.7748 -1.0533 -1.2971 -1.4448 -1.5479 -1.3396 -0.6395 
17 -0.5095 -0.8580 -1.1584 -1.4211 -1.6690 -1.8205 -1.9075 -1.5568 -0.6720 
19 -0.4450 -0.7967 -1.1033 -1.3666 -1.6084 -1.7529 -1.8297 -1.4783 -0.6326 
21 -0.2816 -0.6243 -0.9253 -1.1782 -1.4106 -1.5511 -1.6359 -1.3401 -0.5776 
23 0.0696 -0.2470 -0.5346 -0.7706 -0.9818 -1.1153 -1.2177 -1.0411 -0.4598 
24 -0.3592 -0.6922 -0.9823 -1.2303 -1.4585 -1.5963 -1.6737 -1.3499 -0.5670 
28 -1.4647 -1.8920 -2.2348 -2.5485 -2.8515 -3.0196 -3.0587 -2.4155 -1.0558 
32 -0.8418 -1.2166 -1.5319 -1.8097 -2.0725 -2.2252 -2.2882 -1.8267 -0.7858 
average -0.4095 -0.7900 -1.1188 -1.3977 -1.6537 -1.8071 -1.8967 -1.5773 -0.7178 
std. dev. 0.3583 0.3925 0.4160 0.4434 0.4726 0.4847 0.4731 0.3732 0.1861 
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Table C-IX 
Δ/Δ for Potassium in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -10.3993 -11.5178 -12.2486 -13.1438 -14.1797 -14.6944 -14.4598 -10.7203 -4.3430 
3 -9.8130 -10.9545 -11.7302 -12.6710 -13.7562 -14.3113 -14.1378 -10.7106 -4.5947 
4 -8.6270 -9.6878 -10.3940 -11.2479 -12.2414 -12.7546 -12.6330 -9.5046 -3.9617 
5 -11.4631 -12.8002 -13.6449 -14.6365 -15.7577 -16.2784 -15.8937 -11.7522 -4.9043 
7 -7.7876 -8.7476 -9.3805 -10.1311 -10.9917 -11.4337 -11.2721 -8.2976 -3.2786 
8 -9.3226 -10.4190 -11.1318 -11.9901 -12.9678 -13.4486 -13.2301 -9.7982 -3.9848 
9 -7.3650 -8.2861 -8.9022 -9.6318 -10.4666 -10.8976 -10.7640 -7.9383 -3.1352 
10 -8.0107 -8.9774 -9.6182 -10.3810 -11.2546 -11.6986 -11.5332 -8.4921 -3.3597 
14 -8.6167 -9.6736 -10.3760 -11.2034 -12.1472 -12.6206 -12.4303 -9.2540 -3.8050 
15 -7.6822 -8.6740 -9.3407 -10.1083 -10.9703 -11.4023 -11.2225 -8.3108 -3.3770 
17 -8.6564 -9.6306 -10.2636 -11.0342 -11.9333 -12.3975 -12.2159 -8.9487 -3.4682 
18 -7.3889 -8.2887 -8.8787 -9.5750 -10.3724 -10.7810 -10.6122 -7.7197 -2.9511 
19 -8.6368 -9.6222 -10.2606 -11.0186 -11.8846 -12.3117 -12.0777 -8.7545 -3.3558 
20 -5.8737 -6.6448 -7.1590 -7.7562 -8.4400 -8.7992 -8.6865 -6.2847 -2.3449 
21 -7.9244 -8.8596 -9.4698 -10.1907 -11.0170 -11.4336 -11.2371 -8.1630 -3.1230 
22 -6.1725 -6.9659 -7.4938 -8.1076 -8.8108 -9.1774 -9.0525 -6.5472 -2.4470 
23 -6.5075 -7.3387 -7.8949 -8.5444 -9.2874 -9.6733 -9.5417 -6.9412 -2.6406 
24 -8.0524 -8.9790 -9.5788 -10.2893 -11.1040 -11.5115 -11.2963 -8.1525 -3.0718 
26 -9.0567 -10.0789 -10.7412 -11.5241 -12.4146 -12.8476 -12.5907 -9.1369 -3.5256 
28 -12.2588 -13.4831 -14.2756 -15.2546 -16.3745 -16.9168 -16.5809 -12.2409 -4.9472 
30 -10.9672 -12.1456 -12.8989 -13.7928 -14.8045 -15.2842 -14.9385 -10.8890 -4.2925 
31 -10.0827 -11.1781 -11.8779 -12.7121 -13.6630 -14.1208 -13.8265 -10.0452 -3.8950 
32 -9.8627 -10.9228 -11.6128 -12.4475 -13.4025 -13.8761 -13.6185 -9.9635 -3.9017 
average -8.7186 -9.7337 -10.3988 -11.1910 -12.0975 -12.5509 -12.3414 -9.0681 -3.5960 
std. dev. 1.6071 1.7345 1.8109 1.9108 2.0247 2.0704 2.0084 1.5255 0.7009 
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Table C-X 
Δ/Δ for Calcium in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -0.4184 -0.6611 -0.8484 -0.9968 -1.1182 -1.1879 -1.2305 -1.0735 -0.5349 
2 0.5400 0.3692 0.2200 0.1111 0.0225 -0.0468 -0.1437 -0.2206 -0.1132 
3 -0.0639 -0.3073 -0.5008 -0.6412 -0.7425 -0.8019 -0.8633 -0.8696 -0.5209 
4 0.0948 -0.1222 -0.2980 -0.4254 -0.5190 -0.5795 -0.6531 -0.6941 -0.4157 
5 -0.1422 -0.4174 -0.6291 -0.7808 -0.8878 -0.9451 -0.9889 -0.9365 -0.5353 
6 0.2289 0.0336 -0.1296 -0.2497 -0.3435 -0.4090 -0.4880 -0.5063 -0.2655 
7 0.2276 0.0181 -0.1526 -0.2740 -0.3625 -0.4223 -0.4980 -0.5382 -0.3069 
8 -0.0287 -0.2626 -0.4476 -0.5811 -0.6802 -0.7405 -0.7997 -0.7737 -0.4271 
9 0.2919 0.0917 -0.0759 -0.1936 -0.2781 -0.3372 -0.4164 -0.4803 -0.2832 
10 0.1610 -0.0477 -0.2195 -0.3432 -0.4349 -0.4961 -0.5680 -0.5879 -0.3264 
11 -0.0784 -0.3137 -0.4996 -0.6352 -0.7338 -0.7923 -0.8511 -0.8419 -0.4886 
12 -0.0895 -0.3612 -0.5696 -0.7157 -0.8159 -0.8699 -0.9155 -0.8797 -0.5091 
13 -0.0828 -0.3248 -0.5120 -0.6484 -0.7475 -0.8058 -0.8644 -0.8575 -0.5020 
14 0.1351 -0.0906 -0.2710 -0.3960 -0.4823 -0.5361 -0.6025 -0.6422 -0.3854 
15 0.4133 0.1974 0.0193 -0.0961 -0.1676 -0.2165 -0.2960 -0.4182 -0.2893 
16 0.4507 0.2444 0.0726 -0.0431 -0.1214 -0.1772 -0.2623 -0.3662 -0.2356 
17 -0.1119 -0.3234 -0.4913 -0.6237 -0.7337 -0.8042 -0.8664 -0.7808 -0.3786 
18 0.3677 0.1656 -0.0060 -0.1265 -0.2167 -0.2802 -0.3654 -0.4268 -0.2423 
19 0.0626 -0.1556 -0.3316 -0.4631 -0.5653 -0.6320 -0.6976 -0.6558 -0.3288 
20 0.5821 0.4015 0.2432 0.1362 0.0585 -0.0011 -0.0959 -0.2194 -0.1469 
21 0.2347 0.0254 -0.1491 -0.2744 -0.3709 -0.4359 -0.5131 -0.5288 -0.2804 
22 0.5241 0.3400 0.1797 0.0698 -0.0113 -0.0721 -0.1637 -0.2680 -0.1658 
23 0.4906 0.3011 0.1380 0.0262 -0.0537 -0.1132 -0.2032 -0.3065 -0.1917 
24 0.1482 -0.0620 -0.2335 -0.3611 -0.4611 -0.5278 -0.5990 -0.5747 -0.2847 
25 -0.3445 -0.5926 -0.7834 -0.9326 -1.0531 -1.1226 -1.1628 -0.9866 -0.4640 
26 0.0024 -0.2254 -0.4090 -0.5449 -0.6501 -0.7167 -0.7775 -0.7166 -0.3582 
27 -0.1937 -0.4333 -0.6205 -0.7645 -0.8790 -0.9473 -0.9970 -0.8704 -0.4182 
28 -0.8240 -1.0911 -1.2895 -1.4551 -1.5980 -1.6737 -1.6937 -1.3982 -0.6606 
30 -0.3854 -0.6410 -0.8386 -0.9918 -1.1148 -1.1842 -1.2227 -1.0446 -0.5033 
31 -0.2532 -0.4926 -0.6796 -0.8258 -0.9442 -1.0153 -1.0641 -0.9209 -0.4386 
32 -0.2878 -0.5233 -0.7073 -0.8510 -0.9701 -1.0406 -1.0889 -0.9439 -0.4527 
average 0.0533 -0.1697 -0.3490 -0.4804 -0.5799 -0.6429 -0.7081 -0.6880 -0.3695 
std. dev. 0.3240 0.3465 0.3578 0.3723 0.3872 0.3904 0.3721 0.2769 0.1308 
  
 161 
 
Table C-XI 
Δ/Δ for Titanium in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
3 -27.0327 -28.3648 -30.5479 -33.4730 -36.8777 -38.8031 -38.9702 -30.4058 -13.3059 
5 -31.7192 -33.4697 -35.8649 -38.9670 -42.4933 -44.3307 -43.9146 -33.3673 -14.2064 
7 -21.7982 -22.9847 -24.7629 -27.0907 -29.7735 -31.2832 -31.3077 -23.6999 -9.5583 
9 -20.5435 -21.6185 -23.3491 -25.6150 -28.2219 -29.7009 -29.8053 -22.6355 -9.1329 
10 -22.4102 -23.6234 -25.4256 -27.7886 -30.5103 -32.0292 -32.0437 -24.2505 -9.7890 
14 -23.7069 -24.9164 -26.8985 -29.4876 -32.4592 -34.1153 -34.1698 -26.2239 -11.0173 
18 -20.8855 -22.0693 -23.7383 -25.8955 -28.3773 -29.7618 -29.7026 -22.1898 -8.6584 
21 -22.3993 -23.7031 -25.4318 -27.6612 -30.2274 -31.6370 -31.5002 -23.4673 -9.1544 
23 -18.3905 -19.4107 -20.9819 -22.9999 -25.3148 -26.6258 -26.6578 -19.9530 -7.7573 
average -23.2096 -24.4623 -26.3334 -28.7754 -31.5839 -33.1430 -33.1191 -25.1326 -10.2866 
std. dev. -3.7461 -3.9351 -4.1808 -4.5109 -4.8872 -5.0648 -4.9816 -4.0019 -2.0400 
 
 
 
Table C-XII 
Δ/Δ for Manganese in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
3 -71.4055 -72.0488 -73.1469 -77.7844 -84.5295 -88.5552 -88.8046 -69.4266 -30.3960 
5 -80.3603 -81.4367 -82.5865 -87.4063 -94.3354 -98.2203 -97.4864 -74.7111 -32.0175 
9 -53.4082 -53.5054 -54.1603 -57.6083 -62.6990 -65.8254 -66.1841 -50.7198 -20.6018 
10 -57.4932 -57.8661 -58.6663 -62.3213 -67.6607 -70.8765 -71.0493 -54.2517 -22.0472 
14 -62.0931 -62.4693 -63.2960 -67.2647 -73.0883 -76.5704 -76.7371 -59.2547 -24.9931 
18 -52.8628 -53.2620 -54.1429 -57.5558 -62.4771 -65.4408 -65.4978 -49.4278 -19.4367 
20 -43.1172 -43.2071 -43.8900 -46.7610 -50.9499 -53.5359 -53.7813 -40.4558 -15.5591 
21 -56.0695 -56.6179 -57.5547 -61.0822 -66.1626 -69.1826 -69.1134 -52.0612 -20.4871 
average -59.6012 -60.0517 -60.9305 -64.7230 -70.2378 -73.5259 -73.5818 -56.2886 -23.1923 
std. dev. 10.8909 11.1599 11.3061 11.9124 12.7740 13.2056 12.9983 10.4377 5.2527 
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Table C-XIII 
Δ/Δ for Iron in Cylindrical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -11.2779 -12.0976 -12.6873 -13.4287 -14.2779 -14.6909 -14.4593 -11.0434 -4.6872 
2 -6.0879 -6.5965 -6.9592 -7.4066 -7.9467 -8.2557 -8.2018 -6.0303 -2.2135 
3 -10.2116 -10.9304 -11.4986 -12.1992 -12.9881 -13.3787 -13.2179 -10.4484 -4.7906 
4 -8.8382 -9.4845 -10.0013 -10.6389 -11.3665 -11.7422 -11.6606 -9.1909 -4.1013 
5 -11.9684 -12.8540 -13.4828 -14.2275 -15.0460 -15.4019 -15.0359 -11.5564 -5.1348 
6 -7.7985 -8.3964 -8.8493 -9.4025 -10.0437 -10.3892 -10.2917 -7.8019 -3.1393 
7 -8.0407 -8.6476 -9.1145 -9.6784 -10.3174 -10.6518 -10.5423 -8.1130 -3.4112 
8 -9.7672 -10.4893 -11.0238 -11.6783 -12.4116 -12.7662 -12.5772 -9.6912 -4.1836 
9 -7.5547 -8.1217 -8.5703 -9.1112 -9.7229 -10.0474 -9.9678 -7.7031 -3.2448 
10 -8.3202 -8.9400 -9.4181 -9.9984 -10.6558 -10.9955 -10.8775 -8.3578 -3.5112 
11 -10.0343 -10.7599 -11.3170 -11.9999 -12.7668 -13.1457 -12.9719 -10.1646 -4.5601 
12 -11.2848 -12.1200 -12.7212 -13.4256 -14.1938 -14.5312 -14.2068 -10.9532 -4.8807 
13 -10.1195 -10.8575 -11.4202 -12.1103 -12.8861 -13.2685 -13.0955 -10.2882 -4.6485 
14 -8.8328 -9.4820 -9.9865 -10.5861 -11.2547 -11.5854 -11.4357 -8.9178 -3.9269 
15 -7.6738 -8.2318 -8.6849 -9.2053 -9.7723 -10.0569 -9.9370 -7.7748 -3.4157 
16 -7.2078 -7.7584 -8.1818 -8.6819 -9.2396 -9.5323 -9.4356 -7.2638 -3.0404 
17 -9.2688 -9.9686 -10.4801 -11.1209 -11.8670 -12.2588 -12.1149 -9.1739 -3.7256 
18 -7.6582 -8.2336 -8.6703 -9.1965 -9.8009 -10.1220 -10.0154 -7.6108 -3.0851 
19 -9.1557 -9.8414 -10.3386 -10.9425 -11.6305 -11.9761 -11.7876 -8.8590 -3.5720 
20 -5.9843 -6.4598 -6.8325 -7.2720 -7.7786 -8.0616 -8.0184 -6.0943 -2.4195 
21 -8.3177 -8.9428 -9.4056 -9.9646 -10.6072 -10.9398 -10.7977 -8.1615 -3.2964 
22 -6.3371 -6.8367 -7.2238 -7.6822 -8.2110 -8.5024 -8.4440 -6.4006 -2.5395 
23 -6.6488 -7.1600 -7.5616 -8.0386 -8.5836 -8.8809 -8.8158 -6.7309 -2.7275 
24 -8.5440 -9.1943 -9.6653 -10.2359 -10.8910 -11.2277 -11.0626 -8.2773 -3.2754 
26 -9.6473 -10.3685 -10.8879 -11.5134 -12.2213 -12.5681 -12.3495 -9.2793 -3.7632 
27 -10.7449 -11.5371 -12.0912 -12.7678 -13.5329 -13.8984 -13.6205 -10.1885 -4.1246 
28 -13.5827 -14.5531 -15.2224 -16.0720 -17.0377 -17.4902 -17.1347 -12.9528 -5.4414 
30 -11.8859 -12.7677 -13.3814 -14.1235 -14.9561 -15.3429 -15.0126 -11.2695 -4.6462 
31 -10.8989 -11.7162 -12.2862 -12.9823 -13.7724 -14.1525 -13.8846 -10.3970 -4.2138 
32 -10.7089 -11.4999 -12.0627 -12.7597 -13.5552 -13.9473 -13.7079 -10.3290 -4.2262 
average -9.1467 -9.8282 -10.3342 -10.9484 -11.6445 -11.9936 -11.8227 -9.0341 -3.7982 
std. dev. 1.8706 1.9958 2.0723 2.1712 2.2782 2.3126 2.2278 1.7060 0.8186 
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Table D-I 
Δ/Δ for Hydrogen in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 0.9191 0.7557 0.6169 0.5859 0.6179 0.6161 0.4505 -0.2303 -0.4787 
2 0.8973 0.8524 0.7595 0.7525 0.8108 0.8307 0.7231 0.2161 -0.0802 
3 0.6802 0.4395 0.2977 0.2436 0.2232 0.1773 -0.0269 -0.6740 -0.7537 
4 0.9718 0.8054 0.6589 0.6289 0.6550 0.6364 0.4499 -0.2736 -0.5401 
5 1.2087 1.1962 1.1337 1.1745 1.2836 1.3244 1.1432 0.2014 -0.4109 
6 1.0040 0.9362 0.8332 0.8367 0.9154 0.9456 0.8194 0.1480 -0.2236 
7 0.9687 0.8664 0.7564 0.7579 0.8277 0.8535 0.7115 0.0160 -0.3314 
8 1.0007 0.8896 0.7742 0.7749 0.8435 0.8558 0.6944 -0.0594 -0.4243 
9 0.9161 0.8090 0.6970 0.6944 0.7579 0.7814 0.6429 -0.0280 -0.3405 
10 0.9462 0.8440 0.7335 0.7313 0.8022 0.8224 0.6814 -0.0071 -0.3407 
11 0.9065 0.7622 0.6403 0.6146 0.6456 0.6314 0.4390 -0.3106 -0.5857 
12 1.0600 0.9781 0.8885 0.9065 0.9940 1.0118 0.8280 -0.0229 -0.4826 
13 0.8755 0.7206 0.5975 0.5674 0.5896 0.5687 0.3702 -0.3702 -0.6202 
14 0.9155 0.7926 0.6733 0.6701 0.7282 0.7407 0.5707 -0.1575 -0.4730 
15 0.9374 0.8457 0.7432 0.7624 0.8469 0.8801 0.7233 -0.0194 -0.3956 
16 0.9296 0.8379 0.7360 0.7449 0.8295 0.8610 0.7263 0.0456 -0.3017 
17 0.9633 0.8542 0.7320 0.7139 0.7680 0.7814 0.6389 -0.0124 -0.3099 
18 0.9855 0.9344 0.8499 0.8688 0.9667 1.0030 0.8753 0.1813 -0.2183 
19 1.0012 0.9329 0.8328 0.8439 0.9309 0.9695 0.8374 0.1432 -0.2440 
20 0.8647 0.7924 0.6966 0.7012 0.7757 0.8084 0.6916 0.1043 -0.1967 
21 0.9798 0.9237 0.8354 0.8541 0.9444 0.9789 0.8503 0.1578 -0.2308 
22 0.8747 0.8043 0.7092 0.7141 0.7885 0.8208 0.7016 0.1065 -0.2008 
23 0.9227 0.8403 0.7405 0.7467 0.8325 0.8655 0.7441 0.1079 -0.2295 
24 0.9394 0.8679 0.7697 0.7752 0.8574 0.8880 0.7643 0.1224 -0.2204 
25 1.0217 0.9356 0.8282 0.8379 0.9278 0.9640 0.8272 0.1044 -0.2897 
26 0.9990 0.9262 0.8250 0.8352 0.9229 0.9585 0.8290 0.1211 -0.2664 
27 1.0100 0.9282 0.8233 0.8320 0.9212 0.9558 0.8196 0.1058 -0.2813 
28 0.9294 0.7804 0.6511 0.6264 0.6658 0.6644 0.4980 -0.2094 -0.4788 
30 1.0125 0.9453 0.8455 0.8545 0.9385 0.9748 0.8252 0.0705 -0.3329 
31 1.0001 0.9344 0.8303 0.8340 0.9140 0.9411 0.8013 0.0864 -0.2915 
32 0.9277 0.8140 0.6961 0.6860 0.7461 0.7630 0.6231 -0.0489 -0.3490 
average 0.9538 0.8563 0.7486 0.7474 0.8152 0.8347 0.6863 -0.0124 -0.3523 
std. dev. 0.0821 0.1164 0.1300 0.1471 0.1719 0.1898 0.2028 0.1947 0.1433 
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Table D-II 
Δ/Δ for Carbon in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 3.0159 3.1968 3.1641 3.2269 3.3623 3.3843 3.1288 1.9197 0.5821 
2 2.6926 2.7859 2.7105 2.7213 2.7957 2.7861 2.5411 1.5160 0.4443 
3 3.2776 3.5191 3.5093 3.6008 3.7733 3.8117 3.5404 2.1907 0.6727 
4 3.2245 3.4580 3.4339 3.5108 3.6684 3.6964 3.4231 2.1041 0.6405 
6 2.9379 3.0996 3.0519 3.0953 3.2071 3.2136 2.9545 1.7863 0.5331 
7 3.0380 3.2233 3.1863 3.2447 3.3734 3.3896 3.1236 1.8997 0.5692 
8 3.1665 3.3833 3.3588 3.4315 3.5798 3.6021 3.3301 2.0405 0.6189 
9 2.9985 3.1787 3.1410 3.1976 3.3241 3.3402 3.0778 1.8692 0.5592 
10 3.0134 3.1971 3.1616 3.2193 3.3493 3.3640 3.1010 1.8872 0.5666 
11 3.2697 3.5177 3.5039 3.5884 3.7537 3.7865 3.5103 2.1627 0.6603 
13 3.2872 3.5406 3.5292 3.6164 3.7848 3.8191 3.5421 2.1858 0.6685 
14 3.1900 3.4164 3.3946 3.4708 3.6230 3.6499 3.3731 2.0668 0.6257 
17 2.8855 3.0404 2.9949 3.0399 3.1539 3.1641 2.9134 1.7713 0.5307 
21 2.9531 3.1186 3.0765 3.1248 3.2392 3.2462 2.9851 1.8080 0.5409 
26 2.9963 3.1686 3.1313 3.1842 3.3036 3.3131 3.0499 1.8523 0.5562 
28 2.9811 3.1566 3.1291 3.1939 3.3280 3.3488 3.0992 1.9083 0.5820 
31 2.9897 3.1668 3.1315 3.1848 3.3048 3.3140 3.0523 1.8596 0.5606 
32 2.9222 3.0843 3.0474 3.1008 3.2208 3.2334 2.9824 1.8198 0.5487 
average 3.0466 3.2362 3.2031 3.2640 3.3970 3.4146 3.1516 1.9249 0.5811 
std. dev. 0.1545 0.1935 0.2078 0.2260 0.2496 0.2607 0.2521 0.1684 0.0564 
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Table D-III 
Δ/Δ for Oxygen in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.9612 3.0251 2.9387 2.9623 3.0642 3.0739 2.8347 1.7370 0.5292 
2 2.6920 2.6928 2.5765 2.5594 2.6112 2.5930 2.3573 1.4011 0.4103 
3 3.1389 3.2479 3.1773 3.2236 3.3570 3.3827 3.1365 1.9381 0.5974 
4 3.1017 3.2062 3.1249 3.1593 3.2801 3.2963 3.0467 1.8702 0.5716 
5 3.2703 3.4257 3.3666 3.4197 3.5576 3.5815 3.3142 2.0457 0.6316 
6 2.8562 2.9089 2.8136 2.8225 2.9049 2.9018 2.6609 1.6050 0.4799 
7 2.9306 2.9997 2.9112 2.9317 3.0280 3.0337 2.7892 1.6927 0.5084 
8 3.0338 3.1262 3.0466 3.0785 3.1913 3.2025 2.9546 1.8069 0.5495 
9 2.8927 2.9583 2.8698 2.8893 2.9839 2.9895 2.7483 1.6657 0.4996 
10 2.9040 2.9726 2.8861 2.9065 3.0042 3.0086 2.7671 1.6805 0.5059 
11 3.1165 3.2324 3.1599 3.2009 3.3284 3.3492 3.0996 1.9066 0.5840 
12 3.1703 3.3031 3.2405 3.2898 3.4232 3.4435 3.1848 1.9612 0.6031 
13 3.1301 3.2500 3.1792 3.2223 3.3524 3.3748 3.1247 1.9252 0.5908 
14 3.0455 3.1451 3.0675 3.1019 3.2180 3.2336 2.9825 1.8239 0.5536 
15 3.0517 3.1515 3.0735 3.1074 3.2204 3.2334 2.9762 1.8120 0.5474 
16 2.9063 2.9707 2.8822 2.9007 2.9952 2.9976 2.7514 1.6631 0.4968 
17 2.7952 2.8457 2.7541 2.7655 2.8506 2.8513 2.6192 1.5897 0.4779 
18 2.8471 2.9028 2.8115 2.8226 2.9092 2.9069 2.6659 1.6089 0.4813 
19 2.8569 2.9155 2.8276 2.8424 2.9281 2.9280 2.6853 1.6247 0.4879 
20 2.7158 2.7481 2.6495 2.6518 2.7236 2.7176 2.4824 1.4850 0.4382 
21 2.8354 2.8912 2.8015 2.8151 2.8998 2.8978 2.6585 1.6056 0.4808 
22 2.7249 2.7596 2.6623 2.6657 2.7383 2.7326 2.4969 1.4959 0.4419 
23 2.7967 2.8433 2.7495 2.7583 2.8414 2.8380 2.5992 1.5637 0.4646 
24 2.7714 2.8159 2.7248 2.7333 2.8122 2.8069 2.5707 1.5497 0.4622 
25 2.8713 2.9344 2.8531 2.8739 2.9654 2.9671 2.7269 1.6600 0.5024 
26 2.8678 2.9298 2.8443 2.8618 2.9509 2.9511 2.7104 1.6417 0.4936 
27 2.8665 2.9294 2.8467 2.8658 2.9568 2.9577 2.7168 1.6508 0.4989 
28 2.8500 2.9164 2.8400 2.8680 2.9704 2.9812 2.7536 1.6932 0.5184 
30 2.8994 2.9784 2.9022 2.9281 3.0259 3.0332 2.7909 1.7023 0.5163 
31 2.8485 2.9163 2.8341 2.8529 2.9430 2.9437 2.7054 1.6443 0.4965 
32 2.7917 2.8482 2.7649 2.7839 2.8743 2.8779 2.6489 1.6129 0.4875 
average 2.9206 2.9933 2.9090 2.9311 3.0294 3.0350 2.7922 1.6988 0.5131 
std. dev. 0.1435 0.1744 0.1840 0.1984 0.2182 0.2280 0.2210 0.1493 0.0513 
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Table D-IV 
Δ/Δ for Sodium in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.5394 3.3205 3.2961 3.1731 3.0842 2.9164 2.3871 0.9153 -0.0135 
3 3.0107 4.0568 4.1191 4.0357 3.9821 3.8162 3.2212 1.4133 0.1014 
4 3.0182 4.0356 4.0930 4.0117 3.9618 3.7973 3.2117 1.4444 0.1543 
5 3.3036 4.4519 4.5169 4.4201 4.3578 4.1819 3.5434 1.6020 0.1559 
6 2.4847 3.0824 3.0172 2.9003 2.8212 2.6730 2.2129 0.9310 0.0895 
7 2.5844 3.2545 3.2091 3.0983 3.0258 2.8805 2.4006 1.0256 0.0896 
8 2.7002 3.4801 3.4597 3.3476 3.2768 3.1194 2.6027 1.0955 0.0636 
9 2.6497 3.3706 3.3432 3.2384 3.1697 3.0220 2.5272 1.1016 0.1164 
10 2.6077 3.3182 3.2839 3.1719 3.1003 2.9474 2.4533 1.0434 0.0886 
12 2.6290 3.2592 3.1906 3.0690 3.0014 2.8618 2.3908 0.9801 0.0008 
14 2.7422 3.5288 3.5186 3.4158 3.3533 3.2063 2.6923 1.1708 0.0927 
15 2.6018 3.1840 3.1219 3.0153 2.9567 2.8298 2.3801 1.0454 0.0917 
16 2.4497 2.9651 2.8835 2.7681 2.6994 2.5672 2.1386 0.9154 0.0827 
17 2.4528 3.1170 3.0677 2.9444 2.8542 2.6925 2.2027 0.8707 0.0373 
19 2.1865 2.6163 2.5039 2.3691 2.2771 2.1382 1.7307 0.6439 -0.0062 
20 2.6231 3.2573 3.2075 3.0979 3.0233 2.8767 2.4022 1.0757 0.1609 
21 2.6815 3.3920 3.3463 3.2265 3.1408 2.9770 2.4705 1.0552 0.1110 
22 2.6155 3.2517 3.2006 3.0888 3.0116 2.8631 2.3860 1.0588 0.1509 
23 2.3752 2.8695 2.7871 2.6726 2.6022 2.4676 2.0478 0.8774 0.0945 
24 2.1675 2.5927 2.4840 2.3490 2.2564 2.1151 1.7114 0.6460 0.0114 
25 1.7863 1.9805 1.7989 1.6371 1.5267 1.3942 1.0556 0.2218 -0.1581 
26 2.1905 2.6294 2.5146 2.3757 2.2823 2.1406 1.7302 0.6291 -0.0220 
27 1.9491 2.2469 2.0955 1.9443 1.8418 1.7052 1.3364 0.3926 -0.1002 
28 2.3428 3.0584 3.0008 2.8518 2.7393 2.5601 2.0420 0.6614 -0.1187 
30 2.5114 3.2230 3.1627 3.0188 2.9136 2.7432 2.2270 0.8295 -0.0228 
32 2.2480 2.8146 2.7328 2.5955 2.4948 2.3357 1.8789 0.6620 -0.0443 
average 2.5174 3.1676 3.1137 2.9937 2.9136 2.7626 2.2840 0.9349 0.0464 
std. dev. 0.3177 0.5208 0.5767 0.5932 0.6059 0.5978 0.5352 0.3012 0.0858 
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Table D-V 
Δ/Δ for Magnesium in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 3.7894 3.8296 3.6405 3.5952 3.6473 3.6084 3.2644 1.9156 0.5402 
2 3.4124 3.3897 3.1865 3.1153 3.1316 3.0762 2.7535 1.5828 0.4427 
3 4.0183 4.1008 3.9287 3.9069 3.9909 3.9680 3.6169 2.1543 0.6183 
4 4.2187 4.3130 4.1103 4.0659 4.1333 4.0931 3.7122 2.1909 0.6251 
5 4.4679 4.6081 4.4122 4.3749 4.4507 4.4142 4.0102 2.3857 0.6886 
6 3.7270 3.7613 3.5638 3.5061 3.5419 3.4916 3.1455 1.8276 0.5150 
7 3.8510 3.9007 3.7044 3.6543 3.7007 3.6569 3.3019 1.9295 0.5437 
8 3.9953 4.0666 3.8738 3.8304 3.8905 3.8491 3.4862 2.0501 0.5816 
9 3.7990 3.8451 3.6512 3.6013 3.6471 3.6042 3.2543 1.8999 0.5350 
10 3.8058 3.8539 3.6612 3.6113 3.6597 3.6147 3.2645 1.9079 0.5381 
14 4.0877 4.1699 3.9722 3.9272 3.9883 3.9494 3.5756 2.1039 0.5963 
15 4.0719 4.1561 3.9596 3.9147 3.9729 3.9329 3.5564 2.0891 0.5925 
16 3.7790 3.8221 3.6294 3.5789 3.6249 3.5798 3.2298 1.8844 0.5302 
17 3.6865 3.7158 3.5203 3.4635 3.5003 3.4517 3.1096 1.8095 0.5078 
18 3.6880 3.7199 3.5263 3.4700 3.5096 3.4608 3.1192 1.8155 0.5119 
19 3.7211 3.7576 3.5643 3.5091 3.5449 3.4963 3.1481 1.8318 0.5160 
20 3.5020 3.5106 3.3182 3.2594 3.2882 3.2399 2.9105 1.6820 0.4702 
21 3.6752 3.7057 3.5129 3.4587 3.4952 3.4462 3.1058 1.8067 0.5087 
22 3.5098 3.5200 3.3285 3.2704 3.2996 3.2513 2.9212 1.6901 0.4725 
23 3.6491 3.6746 3.4805 3.4233 3.4607 3.4112 3.0704 1.7827 0.5003 
24 3.5782 3.5979 3.4077 3.3502 3.3821 3.3309 2.9959 1.7379 0.4873 
26 3.7389 3.7767 3.5839 3.5299 3.5679 3.5187 3.1722 1.8465 0.5195 
28 3.5671 3.5967 3.4254 3.3878 3.4402 3.4042 3.0831 1.8114 0.5097 
30 3.7437 3.7925 3.6076 3.5600 3.6045 3.5620 3.2151 1.8798 0.5292 
32 3.6292 3.6570 3.4711 3.4215 3.4617 3.4162 3.0830 1.7979 0.5048 
average 3.7885 3.8337 3.6416 3.5914 3.6374 3.5931 3.2442 1.8965 0.5354 
std. dev. 0.2368 0.2687 0.2678 0.2744 0.2880 0.2926 0.2752 0.1759 0.0539 
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Table D-VI 
Δ/Δ for Aluminum in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.4767 2.3823 2.1402 1.9961 1.9145 1.8150 1.5370 0.7449 0.1202 
2 2.2025 2.1072 1.9035 1.7851 1.7183 1.6323 1.3919 0.7244 0.1781 
3 2.8438 2.7813 2.5350 2.3951 2.3258 2.2280 1.9250 0.9896 0.1849 
4 2.8517 2.8060 2.5633 2.4241 2.3550 2.2551 1.9488 1.0127 0.2074 
5 2.9714 2.9244 2.6613 2.5082 2.4315 2.3295 2.0142 1.0454 0.2032 
6 2.4438 2.3650 2.1409 2.0091 1.9344 1.8389 1.5712 0.8039 0.1754 
7 2.5645 2.4898 2.2578 2.1229 2.0491 1.9540 1.6760 0.8611 0.1807 
8 2.6543 2.5796 2.3381 2.1964 2.1214 2.0225 1.7354 0.8822 0.1703 
9 2.5459 2.4726 2.2443 2.1116 2.0397 1.9459 1.6704 0.8607 0.1831 
10 2.5272 2.4498 2.2190 2.0833 2.0101 1.9141 1.6388 0.8363 0.1718 
11 2.8350 2.7772 2.5272 2.3835 2.3113 2.2118 1.9079 0.9789 0.1864 
12 2.8499 2.7835 2.5282 2.3796 2.3036 2.2025 1.9003 0.9788 0.1857 
13 2.8595 2.8040 2.5533 2.4095 2.3378 2.2381 1.9321 0.9932 0.1884 
14 2.7341 2.6696 2.4280 2.2875 2.2151 2.1185 1.8252 0.9423 0.1895 
15 2.7239 2.6617 2.4263 2.2905 2.2209 2.1273 1.8381 0.9644 0.2074 
16 2.5202 2.4398 2.2141 2.0829 2.0125 1.9200 1.6502 0.8575 0.1875 
17 2.3828 2.2934 2.0651 1.9284 1.8485 1.7502 1.4824 0.7331 0.1411 
18 2.4032 2.3138 2.0918 1.9609 1.8887 1.7955 1.5357 0.7889 0.1720 
19 2.3895 2.2974 2.0685 1.9317 1.8517 1.7553 1.4909 0.7480 0.1515 
20 2.3170 2.2272 2.0177 1.8954 1.8262 1.7385 1.4884 0.7739 0.1794 
21 2.3665 2.2714 2.0476 1.9158 1.8398 1.7458 1.4880 0.7545 0.1582 
22 2.3099 2.2183 2.0076 1.8841 1.8137 1.7254 1.4751 0.7637 0.1745 
23 2.4170 2.3343 2.1170 1.9898 1.9201 1.8282 1.5670 0.8139 0.1841 
24 2.3030 2.2059 1.9842 1.8504 1.7718 1.6768 1.4220 0.7134 0.1481 
25 2.3299 2.2240 1.9865 1.8413 1.7536 1.6528 1.3901 0.6689 0.1131 
26 2.3920 2.2959 2.0634 1.9241 1.8433 1.7459 1.4821 0.7378 0.1438 
27 2.3554 2.2539 2.0195 1.8773 1.7929 1.6934 1.4298 0.6990 0.1270 
28 2.3044 2.1859 1.9403 1.7901 1.7004 1.5986 1.3332 0.6051 0.0668 
30 2.3702 2.2640 2.0204 1.8724 1.7857 1.6867 1.4200 0.6793 0.1074 
32 2.3170 2.2111 1.9787 1.8388 1.7552 1.6563 1.3953 0.6718 0.1137 
average 2.5187 2.4363 2.2030 2.0655 1.9897 1.8934 1.6187 0.8209 0.1634 
std. dev. 0.2133 0.2302 0.2205 0.2172 0.2201 0.2187 0.2007 0.1188 0.0331 
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Table D-VII 
Δ/Δ for Silicon in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 2.3952 2.2955 2.1241 2.0419 2.0177 1.9590 1.7268 0.9489 0.2267 
2 2.1185 2.0290 1.8770 1.8005 1.7710 1.7116 1.5014 0.8403 0.2307 
3 2.7167 2.6386 2.4705 2.3993 2.3936 2.3415 2.0915 1.1871 0.2971 
4 2.6863 2.6153 2.4476 2.3740 2.3647 2.3090 2.0576 1.1673 0.2995 
5 2.5472 2.4845 2.3336 2.2700 2.2675 2.2209 1.9848 1.1280 0.2815 
6 2.3071 2.2216 2.0636 1.9877 1.9633 1.9041 1.6799 0.9385 0.2460 
7 2.3590 2.2771 2.1216 2.0503 2.0327 1.9786 1.7526 0.9838 0.2530 
8 2.4277 2.3464 2.1891 2.1179 2.1047 2.0509 1.8210 1.0207 0.2552 
9 2.3431 2.2620 2.1085 2.0382 2.0213 1.9679 1.7438 0.9797 0.2533 
10 2.3311 2.2479 2.0931 2.0210 2.0038 1.9487 1.7248 0.9653 0.2466 
11 2.6040 2.5286 2.3655 2.2949 2.2877 2.2361 1.9938 1.1258 0.2805 
12 2.4884 2.4179 2.2678 2.2040 2.1999 2.1518 1.9210 1.0881 0.2699 
13 2.6230 2.5491 2.3864 2.3166 2.3106 2.2595 2.0161 1.1405 0.2839 
14 2.4303 2.3561 2.2055 2.1396 2.1313 2.0824 1.8536 1.0468 0.2644 
15 2.4108 2.3429 2.1984 2.1367 2.1304 2.0832 1.8563 1.0557 0.2738 
16 2.2856 2.2066 2.0598 1.9929 1.9783 1.9264 1.7082 0.9636 0.2516 
17 2.2930 2.1983 2.0342 1.9533 1.9248 1.8633 1.6376 0.9029 0.2268 
18 2.2012 2.1181 1.9711 1.9011 1.8817 1.8268 1.6141 0.9045 0.2367 
19 2.1589 2.0706 1.9217 1.8497 1.8256 1.7702 1.5582 0.8633 0.2194 
20 2.1425 2.0581 1.9141 1.8452 1.8230 1.7692 1.5607 0.8763 0.2341 
21 2.1706 2.0840 1.9361 1.8657 1.8434 1.7880 1.5773 0.8785 0.2266 
22 2.1396 2.0544 1.9098 1.8403 1.8175 1.7634 1.5547 0.8716 0.2316 
23 2.2208 2.1390 1.9923 1.9231 1.9041 1.8491 1.6343 0.9193 0.2435 
24 2.0926 2.0022 1.8557 1.7831 1.7572 1.7006 1.4944 0.8268 0.2120 
25 2.1052 2.0079 1.8556 1.7800 1.7526 1.6955 1.4872 0.8108 0.1947 
26 2.1521 2.0623 1.9129 1.8407 1.8174 1.7621 1.5521 0.8572 0.2147 
27 2.1246 2.0307 1.8802 1.8062 1.7808 1.7243 1.5148 0.8309 0.2038 
28 2.2602 2.1476 1.9751 1.8891 1.8589 1.7983 1.5757 0.8464 0.1881 
30 2.1234 2.0272 1.8741 1.7992 1.7750 1.7211 1.5118 0.8221 0.1925 
31 2.0975 2.0029 1.8525 1.7787 1.7529 1.6963 1.4892 0.8130 0.1966 
32 2.1725 2.0726 1.9151 1.8378 1.8104 1.7519 1.5383 0.8399 0.2027 
average 2.3074 2.2224 2.0681 1.9961 1.9775 1.9230 1.7011 0.9498 0.2399 
std. dev. 0.1828 0.1899 0.1859 0.1878 0.1953 0.1975 0.1851 0.1145 0.0310 
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Table D-VIII 
Δ/Δ for Sulfur in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
2 0.8235 0.5712 0.3273 0.1538 0.0155 -0.0874 -0.2270 -0.3423 -0.1818 
3 1.2271 0.8842 0.5269 0.2805 0.1044 -0.0226 -0.2203 -0.5516 -0.4640 
4 1.2271 0.9180 0.5857 0.3526 0.1842 0.0601 -0.1350 -0.4565 -0.3867 
5 1.2653 0.9089 0.5261 0.2606 0.0746 -0.0539 -0.2487 -0.5643 -0.4665 
7 1.0480 0.7456 0.4320 0.2123 0.0493 -0.0676 -0.2388 -0.4657 -0.3290 
8 1.0589 0.7251 0.3846 0.1440 -0.0314 -0.1552 -0.3331 -0.5744 -0.4124 
9 1.0357 0.7422 0.4386 0.2256 0.0683 -0.0456 -0.2143 -0.4405 -0.3140 
10 0.9760 0.6693 0.3573 0.1368 -0.0264 -0.1433 -0.3101 -0.5146 -0.3479 
11 1.2025 0.8674 0.5126 0.2670 0.0905 -0.0361 -0.2301 -0.5423 -0.4413 
13 1.2230 0.8869 0.5297 0.2829 0.1061 -0.0210 -0.2173 -0.5399 -0.4480 
14 1.1854 0.8663 0.5307 0.2962 0.1280 0.0081 -0.1766 -0.4668 -0.3766 
15 1.2673 0.9682 0.6453 0.4219 0.2639 0.1496 -0.0338 -0.3430 -0.3105 
17 0.7693 0.4482 0.1386 -0.0850 -0.2612 -0.3850 -0.5442 -0.6698 -0.3895 
19 0.8335 0.5127 0.1991 -0.0241 -0.1961 -0.3162 -0.4718 -0.6043 -0.3578 
21 0.8946 0.5856 0.2814 0.0667 -0.0977 -0.2148 -0.3716 -0.5263 -0.3227 
23 1.0215 0.7447 0.4612 0.2631 0.1137 0.0030 -0.1580 -0.3610 -0.2485 
24 0.7895 0.4799 0.1817 -0.0334 -0.2012 -0.3179 -0.4666 -0.5787 -0.3282 
28 0.5252 0.1230 -0.2466 -0.5161 -0.7229 -0.8583 -1.0136 -1.0714 -0.6103 
32 0.6778 0.3257 -0.0055 -0.2436 -0.4289 -0.5557 -0.7095 -0.8007 -0.4558 
average 1.0027 0.6828 0.3582 0.1296 -0.0404 -0.1610 -0.3327 -0.5481 -0.3785 
std. dev. 0.2146 0.2223 0.2184 0.2220 0.2306 0.2338 0.2237 0.1642 0.0914 
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Table D-IX 
Δ/Δ for Potassium in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -3.0849 -4.2693 -5.1593 -5.9213 -6.6120 -6.9964 -7.1365 -5.8733 -2.7330 
3 -1.9153 -2.9967 -3.8610 -4.5852 -5.2281 -5.6027 -5.8247 -5.1019 -2.6415 
4 -1.8610 -2.8789 -3.6695 -4.3500 -4.9650 -5.3220 -5.5240 -4.7469 -2.3530 
5 -2.3605 -3.5891 -4.5479 -5.3367 -6.0112 -6.3767 -6.5275 -5.5445 -2.7963 
7 -2.1720 -3.1545 -3.9007 -4.5382 -5.1200 -5.4504 -5.5851 -4.5729 -2.0713 
8 -2.3796 -3.4786 -4.3105 -5.0213 -5.6565 -6.0102 -6.1569 -5.1262 -2.4341 
9 -2.0445 -2.9849 -3.7047 -4.3216 -4.8831 -5.2066 -5.3487 -4.3891 -1.9874 
10 -2.2900 -3.2860 -4.0415 -4.6883 -5.2771 -5.6102 -5.7446 -4.6971 -2.1281 
14 -1.9868 -3.0190 -3.8124 -4.4871 -5.0871 -5.4260 -5.5874 -4.7226 -2.2908 
15 -1.7009 -2.6593 -3.3992 -4.0257 -4.5787 -4.8915 -5.0411 -4.2443 -2.0366 
17 -2.9202 -3.9913 -4.7632 -5.4366 -6.0799 -6.4442 -6.5594 -5.2461 -2.2789 
18 -2.3246 -3.2840 -3.9868 -4.5854 -5.1501 -5.4711 -5.5782 -4.4477 -1.9172 
19 -2.8759 -3.9476 -4.7210 -5.3811 -5.9969 -6.3404 -6.4224 -5.0837 -2.1886 
20 -1.9535 -2.7826 -3.3844 -3.9096 -4.4131 -4.7042 -4.8027 -3.7797 -1.5649 
21 -2.5806 -3.5896 -4.3230 -4.9492 -5.5360 -5.8666 -5.9638 -4.7361 -2.0370 
22 -2.0778 -2.9342 -3.5539 -4.0947 -4.6123 -4.9095 -5.0048 -3.9364 -1.6318 
23 -2.0230 -2.9049 -3.5578 -4.1157 -4.6440 -4.9483 -5.0609 -4.0387 -1.7262 
24 -2.8629 -3.8848 -4.6115 -5.2452 -5.8469 -6.1769 -6.2484 -4.8886 -2.0440 
26 -2.9899 -4.0917 -4.8974 -5.5822 -6.2094 -6.5530 -6.6354 -5.2658 -2.2874 
28 -3.9515 -5.2978 -6.2904 -7.1403 -7.9065 -8.3203 -8.4292 -6.8518 -3.1513 
30 -3.5742 -4.8392 -5.7632 -6.5436 -7.2420 -7.6168 -7.6877 -6.1506 -2.7501 
31 -3.4282 -4.6306 -5.4913 -6.2226 -6.9006 -7.2692 -7.3422 -5.8201 -2.5345 
32 -3.3166 -4.4892 -5.3389 -6.0657 -6.7410 -7.1159 -7.2140 -5.7685 -2.5408 
average -2.5511 -3.6080 -4.3952 -5.0673 -5.6825 -6.0273 -6.1489 -5.0014 -2.2663 
std. dev. 0.6096 0.7164 0.7886 0.8529 0.9106 0.9361 0.9222 0.7381 0.3870 
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Table D-X 
Δ/Δ for Calcium in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 0.9948 0.7956 0.5928 0.4717 0.4100 0.3543 0.2114 -0.1482 -0.2370 
2 1.0360 0.8870 0.7310 0.6348 0.5738 0.5126 0.3755 0.0852 -0.0323 
3 1.4230 1.2717 1.0870 0.9913 0.9636 0.9222 0.7560 0.1980 -0.1550 
4 1.3162 1.1788 1.0103 0.9193 0.8890 0.8459 0.6875 0.1816 -0.1248 
5 1.5057 1.3410 1.1386 1.0309 0.9974 0.9538 0.7817 0.2125 -0.1514 
6 1.1085 0.9501 0.7799 0.6807 0.6271 0.5705 0.4249 0.0602 -0.0966 
7 1.2432 1.0886 0.9126 0.8147 0.7714 0.7218 0.5689 0.1341 -0.0985 
8 1.2618 1.0946 0.9078 0.8029 0.7603 0.7113 0.5562 0.0947 -0.1473 
9 1.2515 1.1031 0.9320 0.8373 0.7969 0.7486 0.5957 0.1571 -0.0861 
10 1.2057 1.0472 0.8696 0.7692 0.7248 0.6739 0.5226 0.1006 -0.1121 
11 1.3477 1.1952 1.0119 0.9146 0.8827 0.8397 0.6786 0.1566 -0.1546 
12 1.4855 1.3132 1.1112 1.0052 0.9714 0.9270 0.7587 0.2036 -0.1471 
13 1.3652 1.2146 1.0317 0.9354 0.9054 0.8632 0.7010 0.1684 -0.1560 
14 1.3655 1.2138 1.0358 0.9405 0.9084 0.8656 0.7055 0.1986 -0.1121 
15 1.4904 1.3516 1.1800 1.0920 1.0666 1.0258 0.8587 0.3165 -0.0549 
16 1.3663 1.2166 1.0420 0.9471 0.9085 0.8594 0.6999 0.2325 -0.0538 
17 0.9526 0.7705 0.5879 0.4762 0.4109 0.3506 0.2119 -0.1024 -0.1708 
18 1.2557 1.0946 0.9170 0.8161 0.7662 0.7094 0.5542 0.1422 -0.0726 
19 1.1144 0.9308 0.7419 0.6311 0.5706 0.5114 0.3636 0.0031 -0.1302 
20 1.2501 1.1040 0.9419 0.8497 0.8022 0.7482 0.5971 0.1994 -0.0276 
21 1.1941 1.0219 0.8382 0.7324 0.6767 0.6181 0.4661 0.0777 -0.0988 
22 1.2294 1.0789 0.9137 0.8189 0.7690 0.7139 0.5633 0.1731 -0.0394 
23 1.2671 1.1186 0.9518 0.8589 0.8149 0.7614 0.6079 0.1916 -0.0454 
24 1.0901 0.9087 0.7244 0.6131 0.5494 0.4883 0.3433 0.0043 -0.1141 
25 0.9916 0.7726 0.5607 0.4326 0.3595 0.2955 0.1535 -0.1631 -0.2109 
26 1.1286 0.9383 0.7412 0.6256 0.5645 0.5052 0.3564 -0.0111 -0.1439 
27 1.0502 0.8430 0.6380 0.5154 0.4471 0.3844 0.2392 -0.0983 -0.1819 
28 0.8257 0.5896 0.3644 0.2237 0.1443 0.0807 -0.0556 -0.3484 -0.3220 
30 1.0095 0.7925 0.5766 0.4466 0.3771 0.3169 0.1725 -0.1665 -0.2298 
31 1.0064 0.7972 0.5909 0.4664 0.3951 0.3312 0.1876 -0.1366 -0.1975 
32 0.9694 0.7624 0.5597 0.4372 0.3674 0.3048 0.1640 -0.1548 -0.2078 
average 1.1968 1.0254 0.8394 0.7333 0.6830 0.6295 0.4777 0.0633 -0.1327 
std. dev. 0.1743 0.1953 0.2044 0.2158 0.2307 0.2377 0.2291 0.1552 0.0669 
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Table D-XI 
Δ/Δ for Titanium in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
3 -5.3019 -6.5642 -8.9846 -11.2096 -13.2302 -14.5125 -15.5939 -14.4375 -7.6991 
5 -6.4697 -8.0895 -10.8013 -13.2347 -15.3594 -16.6218 -17.5173 -15.6696 -8.1460 
7 -6.1171 -7.5174 -9.6465 -11.6087 -13.4218 -14.5331 -15.2716 -13.0740 -6.0813 
9 -5.7305 -7.0123 -9.0615 -10.9614 -12.7145 -13.8049 -14.5650 -12.5246 -5.8302 
10 -6.4399 -7.8850 -10.0386 -12.0271 -13.8587 -14.9801 -15.7192 -13.4240 -6.2420 
14 -5.4274 -6.7062 -8.9471 -11.0319 -12.9215 -14.0868 -14.9673 -13.3465 -6.6744 
18 -6.6406 -8.1562 -10.1850 -12.0340 -13.7850 -14.8540 -15.4715 -12.8321 -5.6699 
21 -7.3555 -9.0228 -11.1411 -13.0686 -14.8866 -15.9847 -16.5765 -13.6615 -6.0154 
23 -5.8002 -7.1210 -9.0059 -10.7335 -12.3751 -13.3908 -14.0146 -11.6612 -5.1151 
average -6.1425 -7.5638 -9.7568 -11.7677 -13.6170 -14.7521 -15.5219 -13.4034 -6.3859 
std. dev. 0.6165 0.7525 0.7875 0.8551 0.9287 0.9647 0.9831 1.0810 0.9185 
 
 
 
Table D-XII 
Δ/Δ for Manganese in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
3 -18.4226 -19.8041 -22.1513 -25.5949 -29.4303 -32.1540 -34.7528 -32.7651 -17.6054 
5 -20.3107 -21.9842 -24.6396 -28.3743 -32.3649 -35.0676 -37.4484 -34.5872 -18.3222 
9 -17.8909 -19.0804 -21.0153 -23.9344 -27.2492 -29.5712 -31.5138 -27.8064 -13.1405 
10 -19.4161 -20.9339 -23.0829 -26.1902 -29.6703 -32.0658 -33.9759 -29.7506 -14.0434 
14 -17.9824 -19.2794 -21.3540 -24.5405 -28.1074 -30.5851 -32.7825 -29.9185 -15.1417 
18 -19.2967 -20.9798 -23.1461 -26.1159 -29.5049 -31.8088 -33.4357 -28.3831 -12.7235 
20 -16.9287 -18.1976 -19.9482 -22.5256 -25.5420 -27.6047 -29.0486 -24.3311 -10.4791 
21 -20.7470 -22.6511 -24.9411 -28.0393 -31.5539 -33.9237 -35.5380 -30.0396 -13.4456 
average -18.8744 -20.3638 -22.5348 -25.6644 -29.1779 -31.5976 -33.5620 -29.6977 -14.3627 
std. dev. 1.2142 1.4314 1.6369 1.8566 2.0707 2.2108 2.3924 2.9067 2.4240 
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Table D-XIII 
Δ/Δ for Iron in Spherical Systems 
Concrete Uranium Concentration (g U/cm3) 
Index 18.81 10 4.9 2.3 1 0.51 0.2 0.05 0.02 
1 -2.4623 -3.3793 -4.2140 -4.8480 -5.3390 -5.6346 -5.8971 -5.4192 -2.8258 
2 -1.9991 -2.6688 -3.2173 -3.6548 -4.0563 -4.3167 -4.4871 -3.6831 -1.5070 
3 -0.8563 -1.5031 -2.2265 -2.7335 -3.0746 -3.3077 -3.6655 -4.0399 -2.5586 
4 -0.8313 -1.4435 -2.1146 -2.6058 -2.9531 -3.1918 -3.5365 -3.7847 -2.2732 
5 -1.2167 -1.9860 -2.8079 -3.3818 -3.7555 -3.9843 -4.2958 -4.4669 -2.7243 
6 -1.7377 -2.4539 -3.1046 -3.5957 -4.0046 -4.2744 -4.5241 -4.0839 -1.9709 
7 -1.3168 -1.9800 -2.6420 -3.1279 -3.4950 -3.7362 -4.0142 -3.8724 -2.0422 
8 -1.4750 -2.2202 -2.9542 -3.4952 -3.8863 -4.1361 -4.4247 -4.3442 -2.4126 
9 -1.1902 -1.8114 -2.4426 -2.9058 -3.2518 -3.4855 -3.7691 -3.6749 -1.9469 
10 -1.4680 -2.1521 -2.8260 -3.3252 -3.7005 -3.9474 -4.2228 -4.0301 -2.1117 
11 -1.0130 -1.6912 -2.4249 -2.9441 -3.3046 -3.5443 -3.8824 -4.1168 -2.4996 
12 -1.2338 -1.9919 -2.7790 -3.3225 -3.6818 -3.9047 -4.2022 -4.3524 -2.6319 
13 -0.9528 -1.6215 -2.3539 -2.8704 -3.2247 -3.4620 -3.8063 -4.0896 -2.5219 
14 -0.9578 -1.5950 -2.2667 -2.7487 -3.0820 -3.3026 -3.6136 -3.7717 -2.2096 
15 -0.5897 -1.1321 -1.7361 -2.1569 -2.4352 -2.6287 -2.9402 -3.2025 -1.9100 
16 -1.0763 -1.6807 -2.2862 -2.7223 -3.0442 -3.2620 -3.5310 -3.4529 -1.8219 
17 -2.3468 -3.1912 -3.9244 -4.4962 -4.9809 -5.2847 -5.5275 -4.8985 -2.3593 
18 -1.5726 -2.2585 -2.8926 -3.3600 -3.7370 -3.9896 -4.2396 -3.8900 -1.9139 
19 -2.2139 -3.0371 -3.7580 -4.2983 -4.7395 -5.0167 -5.2391 -4.6437 -2.2374 
20 -1.2557 -1.8416 -2.3783 -2.7831 -3.1206 -3.3506 -3.5855 -3.2667 -1.5449 
21 -1.8841 -2.6345 -3.3067 -3.8071 -4.2147 -4.4795 -4.7163 -4.2443 -2.0604 
22 -1.3970 -2.0124 -2.5690 -2.9913 -3.3446 -3.5817 -3.8133 -3.4447 -1.6226 
23 -1.2588 -1.8689 -2.4476 -2.8705 -3.2097 -3.4443 -3.6979 -3.4479 -1.6988 
24 -2.2708 -3.0713 -3.7542 -4.2836 -4.7291 -5.0043 -5.2102 -4.5280 -2.1015 
26 -2.3309 -3.1796 -3.9323 -4.4951 -4.9410 -5.2154 -5.4355 -4.8237 -2.3444 
27 -2.7765 -3.7265 -4.5320 -5.1388 -5.6303 -5.9256 -6.1265 -5.3514 -2.5803 
28 -3.5247 -4.6540 -5.6170 -6.3624 -6.9515 -7.2881 -7.5114 -6.6385 -3.3462 
30 -2.9622 -3.9722 -4.8502 -5.5118 -6.0244 -6.3226 -6.5313 -5.7682 -2.8621 
31 -2.8668 -3.8416 -4.6647 -5.2888 -5.8006 -6.1074 -6.3134 -5.5020 -2.6444 
32 -2.7931 -3.7435 -4.5545 -5.1730 -5.6800 -5.9888 -6.2104 -5.4603 -2.6546 
average -1.7277 -2.4781 -3.1859 -3.7099 -4.1131 -4.3706 -4.6323 -4.3431 -2.2646 
std. dev. 0.7496 0.8853 0.9571 1.0264 1.0975 1.1291 1.0978 0.8152 0.4255 
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Richard Gordon Taylor was born to Marjorie Burgess Taylor and Frederick Gordon Taylor on January 8, 
1947, in Hopewell, Virginia, and is their only child.  He grew up in eastern North Carolina and south 
Mississippi and graduated from Biloxi High School in Biloxi, Mississippi.  The next step in his education 
was earning an undergraduate degree in nuclear engineering at Mississippi State University but real 
education in the school of hard knocks started when he began his career in nuclear criticality safety at the 
Oak Ridge Gaseous Diffusion Plant in Oak Ridge, Tennessee, in 1968.  He spent a total of 11 years at the 
diffusion plant and a total of 21 years at the Oak Ridge Y-12 Plant before retiring.  His career highlight 
was being part of a nonproliferation effort as a member of the Project Sapphire team that packaged about 
a ton of highly enriched uranium materials located in the Republic of Kazakhstan and brought it to the 
United States.  He was also a member of the Project Auburn Endeavor team that packaged a smaller 
quantity of highly enriched uranium as reactor fuel located at the Institute of Physics near Tbilisi, 
Georgia, and turned it over to the United Kingdom Atomic Energy Authority Dounreay facility in 
Scotland.  After retirement he continued his nuclear criticality safety career doing subcontract work and 
began work resulting in the award of a Masters degree in nuclear engineering at the University of 
Tennessee.  He continues doing subcontract work and pursuing a Doctor of Philosophy degree in nuclear 
engineering at the University of Tennessee. 
 
